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ARSTRAC'T 

The  mode  of  cell  replacement  in  the  adrenal  cortex  of  the  adult  female 
mouse  was  studied  by  radioautoRraphy  after  labeling  cells  with  tritiated  thymi¬ 
dine.  The  fate  of  the  labeled  cells  was  followed  in  a  series  of  animals  killed  at 
time  periods  up  to  twenty-one  days  after  thymidine  injection.  It  was  found  that 
the  vast  majority  of  labeled  cells  were  located  in  the  peripheral  region  of  the 
cortex  and  that  verj’  few  radioactive  cells  were  present  in  the  inner  fasciculata 
and  reticularis.  C’alculati'ons  made  from  cell  counts  indicated  that  the  mitot- 
ically  active  outer  cortex  would  be  replaced  within  one  to  three  months.  Hince 
no  shift  in  the  distribution  pattern  of  the  labeled  cells  occurred  during  the 
twenty-one  day  period  studied  it  was  concluded  that  no  appreciable  migration 
of  cortical  cells  occurs.  In  accordance  with  these  findings  it  was  further  con¬ 
cluded  that  the  “escalator”  concept  should  be  abandoned. 

By  means  of  appropriate  radioautographic  techniques  it  is  now 
possible  to  solve  unequivocally  many  problems  of  cell  rlynamics  which 
have  long  puzzled  cytologists.  A  clas.sic  example  of  such  a  problem  concerns 
the  exact  mode  of  cell  replacement  in  the  adult  mammalian  adrenal  cortex. 
Prior  to  1945  an  imposing  body  of  literature  seemed  to  support  the  so- 
called  “escalator  theory”  which  stated  that  a  centripetal  movement  of 
cells  from  capsule  to  medulla  occurred.  According  to  this  theory  new  cells 
were  produced  either  within  the  capsule  or  in  the  subcapsular  zone,  differ¬ 
entiated  into  spongiocytes  and  finally  were  pushed  to  the  zona  reticularis 
to  degenerate  and  die.  The  origin  and  developmental  history  of  this  inter¬ 
esting  and  teleologically  attractive  theory  has  been  recently  reviewed  by 
Chester  Jones  (1).  Although  considerable  evidence  has  appeared  which 
seems  incompatible  with  any  kind  of  escalator  concept  (1,  2)  this  concept 
is  so  thoroughly  entrenched  that  some  form  of  it  still  dominates  the  descrip- 
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tions  of  adrenal  cortical  cell  dynamics  given  in  recent  editions  of  histology 
texts  (3,  4,  o). 

The  purpose  of  the  present  study  was  (1)  to  determine  by  radioauto¬ 
graphic  techniques  the  rate  of  cell  replacement  in  the  various  zones  of  the 
adult  mouse  cortex  and  (2)  to  visualize  by  means  of  a  time  study  with 
thymidine-H®  labeled  cells  the  direction  and  rate  of  any  migration  of  the 
labeled  population  of  cells  which  might  occur. 

MATERIALS  AXD  METHODS 

Adult  female  miee  of  the  A/Jax  strain,  with  normal  estrous  eyeles,  were  given  injee- 
tions  of  thymidine-H*  starting  at  a  time  when  their  vaginal  smears  contained  only 
nucleated  cells  (proestrus).  Each  mouse  received  six  injections  of  100  /xe  per  injection 
at  four  hour  intervals  (a  total  of  600  /ue/ mouse).  One  mouse  was  killed  24  hours  after 
the  first  injection  (4  hrs.  after  the  last  injection).  Others  were  killed  at  2,  3,  8  and  21 
days  after  the  initial  injection.  The  adrenals  were  fixed  in  Carnoy’s  fluid,  embedded  in 
jiaraffin,  sectioned  at  6  /x  and  radioautographed  by  the  fluid  emulsion  dipping  methoil 
which  has  been  described  in  detail  elsewhere  (6). 

The  distribution  of  radioactive  nuclei  was  analyzed  in  two  ways.  Firstly,  the  location 
of  each  radioactive  cortical  nucleus  in  representative  sections  was  recorded  in  terms  of 
its  distance  from  the  outside  edge*  of  the  capsule.  When  reactions  were  closeh’  paired,  a 
notation  to  this  effect  was  made.  The  distance  from  the  capsule  to  the  estimated  glo- 
merulosa-fasciculata  and  cortical-medullary  boundaries  was  measured  at  6  intervals  in 
each  section.  The  perimeter  of  the  section  was  also  measured.  The  second  method  of 
recording  reactions  consisted  of  counting  both  the  radioactive  and  non-radioactive 
nuclei  contained  within  a  field  delimited  by  an  ocular  grid.  .Vn  area  of  standard  width 
(150  n)  was  followed  from  the  capsule  to  the  cortical-medullary  boundary’. 

RESULTS 

This  radioautographic  stutly  was  originally  based  on  observations  of  the 
adrenal  at  1,  2,  3  and  8  days  after  thymidine-H®  injection.  Analysis  of  this 
8  day  period  rai.sed  problems  that  indicated  the  need  for  observations  at  a 
still  later  time  interval.  Since  the  .significance  of  the  21-day  study  is  more 
easily  evaluated  in  view  of  conclusions  drawn  from  the  earlier  period,  the 
two  groups  will  be  pre.sented  separately. 

iMhelcd  cell  populations  in  the  adrenal  cortex  at  I  to  8  days. 

In  radioautographs  of  adrenal  glands  from  female  mice  injected  with 
thymidine-H®  during  proestrus,  precipitated  silver  grains  appeared  in  the 
emulsion  over  nuclei  of  certain  cells  throughout  the  cortex  (Figs.  2,  3). 
Such  reactions  indicate  that  the  underlying  nuclei  incorporated  thymidine- 
H®  during  the  synthesis  of  DXA  in  preparation  for  mitosis  (7,  8).  The 
frequency  of  these  radioactive  nuclei  was  greatest  near  the  capsule  and 
least  near  the  medulla  at  each  of  the  four  time  intervals  studied  (Fig.  1). 
Since  there  is  no  indication  of  a  shift  in  the  frequency  distribution  of  radio¬ 
active  cells  during  the  8  day  period  studied,  there  cannot  have  been  any 
significant  migration  of  cells  from  one  area  of  the  cortex  to  another  during 
this  period  of  time.  The  perimeter  of  each  section  measured  is  given  in 
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Figure  1,  since  the  total  number  of  reactions  seen  at  the  various  time  inter¬ 
vals  will  depend  in  part  on  the  area  of  cortex  sampled  in  each  case.  In 
addition,  division  could  be  expected  to  increase  the  total  number  of  indi¬ 
vidual  reactions  and  this  effect  may  have  been  partly  responsible  for  the 
greater  number  of  radioactive  nuclei  counted  in  the  samples  from  animals 


P'lG.  1.  Frequency  of  radioaetivo  nuclei 
at  different  levels  within  tlu'  adrenal  cortex 
of  mice  killed  1,  2,  3  and  8  days  after  injec¬ 
tion  of  thymidine-H®. 
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DISTANCE  OF  NUCLEI  FROM  CAPSULE  (  IN  a) 
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killed  two  and  three  days  after  injection  than  for  the  one  day  sample. 
Consistent  with  this  possibility  was  the  observation  that  only  6  of  the 
reactions  seen  on  the  first  day  were  in  pairs,  whereas  42  of  the  reactions 
seen  on  the  third  day  were  distributed  in  pairs.  The  decrease  at  eight  days 
in  total  number  of  reactions  may  reflect  cell  loss. 

The  frequency  of  radioactive  cells  compared  to  non-radioactive  cells  per 
unit  area  of  cortex  is  shown  in  Table  1.  The  thickness  of  the  cortex  ranged 
from  150  n  to  330  m  in  the  various  sections.  Within  30  fi  to  QO  ix  from  the 


WALKER  AND  RENNELS 


Volume  6S 


Fig.  2.  Radioautograph  at  low  magnification  showing  the  jicripheral  location  of 
radioactive  nuclei  (black)  in  tlu*  adrenal  of  a  female  mouse  3  days  after  injection  of 
thymidine-H'*. 


Fig.  3.  Radioautograph  at  higher  maginfication  of  the  same  gland  shown  in  Figure 
2.  The  silver  grains  overlie  nuclei  in  the  zona  glomerulosa. 
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Tablk  1.  Counts  ok  raiuoactivk  and  non-radioactive  cells  in  the  adrenal 

CORTEX  ARRAYED  BY  DAYS  AND  BY  DISTANCE  FROM  CAPSCLE 
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capsule,  the  radioactive  cells  comprised  a  considerable  proportion  of  the 
cell  population,  whereas  in  the  area  of  cortex  startinj;  at  120  n  from  the 
capsule  and  extending  to  the  medulla,  cells  with  radioactive  nuclei  con¬ 
stituted  a  very  small  proportion  of  the  total  cell  population. 

Hughes  et  al.  (9)  have  determined  the  rate  of  lo.ss  of  thymidine-IH  from 
the  circulating  blood  after  injection  and  on  the  liasis  of  their  calculations  it 
can  be  assumed  that  the  thyniidine-II'*  injected  into  mice  over  a  20-hour 
period  in  the  present  experiment  would  have  been  completely  utilized 
within  24  hours  after  the  initial  injection.  The  number  of  cells  labeled 
during  this  period  can  be  used  as  a  minimal  estimate  of  new  cell  produc¬ 
tion.  Thus,  if  each  radioactive  nucleus  repre.sented  a  cell  that  was  preparing 
to  divide,  and  the  total  number  of  cells  labeled  in  24  hours  was  eipial  to,  or 
less  than,  the  total  number  of  cells  preparing  to  divide  during  this  period, 
then  the  maximal  number  of  days  recjuired  for  the  replacement  of  all  cells 
in  a  given  area  would  be  eiiuivalent  to  the  total  cell  population  divided  by 
the  number  of  radioactive  cells.  Such  calculations  can  be  made  from  the 
figures  given  in  Table  1.  The  bottom  line  represents  an  average  renewal 
time  for  various  levels  in  the  cortex.  These  figures  are  based  on  a  summa¬ 
tion  of  the  five  different  time  intervals  in  order  to  provide  a  larger  .sample, 
but  separate  calculations  for  each  interval  would  show  the  .same  trend  from 
capsule  to  medulla. 

The.se  calculations  could  represent  something  longer  than  the  actual 
renewal  time  because  the  number  of  cells  initially  labeled  during  any  given 
day  could  be  less  than  the  total  number  of  dividing  cells  due  to  the  time 
interval  between  injections.  On  the  other  hand,  there  are  two  additional 
factors  which  need  to  be  considered  and  both  could  cause  the  renewal  time 
to  appear  shorter  than  it  really  was.  Firstly,  after  a  radioactive  cell  had 
divided  it  would  be  counted  as  two  cells  and  thus  contribute  to  an  artifi- 
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cially  high  estimate  of  mitotic  activity.  Secondly,  since  all  animals  were 
injected  during  proestrus,  whereas  renewal  time  was  extrapolated  to  all 
days  of  the  cycle,  an  excess  of  mitotic  activity  at  proestrus  could  lead  to  an 
artificially  high  calculated  rate  of  cell  turnover  (if  differences  in  mitotic 
activity  at  the  various  stages  of  the  estrous  cycle  do  exist  in  the  adrenal, 
they  are  most  likely  to  he  in  the  direction  of  highest  frecpiency  during 
proestrus,  judging  from  other  tissues  (10)).  These  two  factors  could  arti¬ 
ficially  reduce  the  calculated  renewal  time  by  a  maximum  of  \  if  all  of  the 


Fig.  4.  Frequency  of  radioactive  nuclei 
at  different  levels  within  the  adrenal  cortex 
of  a  mouse  killed  21  days  after  injection  of 
thyinidine-H’. 


DISTANCE  OF  NUCLEI  FROM  CAPSULE  (IN4) 

t  •Average  glomerulou  *  faiciculau  boundary 
f  ^Average  cortical  •  medullary  boundary 


initially  labeled  cells  divided  once  prior  to  counting  and  by  a  maximum  of 
s  for  the  second  factor  if  only  the  day  of  proestrus  in  a  5-day  cycle  showed 
mitotic  activity. 

Ldhelcd  cell  populations  in  the  adrenal  cortex  at  21  days 

Considering  the  number  of  problems  raised  by  the  unusual  renewal 
system  described  above  it  was  con.sidered  desirable  to  extend  the  period  of 
observation  to  21  days.  At  21  days,  the  distribution  of  radioactive  cells 
(Fig.  4)  was  the  same  as  at  1  to  8  days  (Fig.  1),  with  the  majority  of  the 
radioactive  cells  lying  within  90  m  of  the  capsule.  The  method  of  calculation 
which  would  given  the  longest  renewal  time  is  to  assume  that  I)X.\ 
synthesis  occurs  only  during  proestrus.  This  would  give  a  renewal  time  of 
85  days  instead  of  17  (Table  1)  for  the  sub-capsular  zone,  assuming  a 
5-day  e.strous  cycle.  Therefore,  in  a  21-day  period,  these  subcapsular  cells 
should  have  moved  a  minimum  of  j  of  the  tlistance  from  the  capsule  to  the 
medulla  if  they  were  to  migrate  at  all.  Since  no  such  movement  occurred 
(Fig.  4),  it  is  perfectly  clear  that  there  is  no  cell  migration  from  the  outei 
cortex  to  the  cortical-medullary  boundary. 
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Casual  comparison  of  Figure  4  with  Figure  1  reveals  no  radical  decrease 
in  number  of  radioactive  cells.  To  examine  this  relationship  more  carefull.y, 
the  total  number  of  radioactive  cortical  cells  in  nine  additional  sections 
adjacent  to  those  represented  in  the  graphs  (Figs.  1,  4)  were  counted  for 
each  time  interval.  The  averages  (+S.K.)  for  the  number  of  radioactive 
cells  per  section  from  the  ten  sections  studied  at  each  time  interval  were 
4S  ±:L4,  127  ±0.2,  144  ±7.9,  80  ±8.:i  and  72  ±4.8  for  the  1,  2,  .8,  8  and  21 
day  intervals,  respectively.  The  total  number  of  reactions  is  dependent  in 
part  on  the  size  of  the  sections,  but,  with  the  exception  of  the  1st  day,  all 
section  perimeters  were  of  simitar  magnitude  (Figs.  1,  4).  Thus,  no  radical 
decrease  in  the  number  of  radioactive  cells  takes  place  within  the  21-day 
period.  Furthermore,  no  marked  decrease  in  the  average  intensity  of  the 
radioautographic  reactions  was  seen.  These  two  facts  reveal  some  special 
characteristics  of  this  renewal  system.  For  example,  since  the  female 
mouse  would  have  passed  through  4  or  .5  proestrous  stages,  then  at  least 
4  to  o  waves  of  cell  proliferation  would  have  occurred.  If  special  stem  cells 
existed,  then  they  would  have  had  their  radioactivity  diluted  through  5, 
g,  rV  to  as  low  as  by  the  21st  day.  No  such  progressive  dilution  was  seen 
and  since  the  stem  cells  (if  existent)  would  represent  half  of  the  radioactiv'e 
cell  population,  a  progressive  dilution  of  this  magnitude  would  not  have 
been  overlooked.  Without  such  a  separation  between  stem  cells  and  other 
cells  of  the  cortex,  the  events  of  proliferation  or  degeneration  might  happen 
to  any  cell  in  the  cortex.  An  even  distribution  of  these  events  among 
radioactive  as  well  as  non-radioactive  cells  would  account  for  the  relative 
stability  of  the  radioactive  cell  population,  because,  for  every  radioactive 
cell  that  died  another  would  divide  to  give  two,  so  the  only  change  which 
would  be  seen  would  consist  of  a  gradual  dilution  in  the  labeling  of  the 
radioactive  cells.  At  the  end  of  one  renewal  period,  the  average  radioactiv¬ 
ity  per  cell  would  decrease  to  Since  the  renewal  period  for  the  subcap- 
sular  zone  has  been  calculated  to  lie  between  17  and  80  days,  no  radical 
dilution  would  be  expected  during  the  21-day  period,  which  is  in  marked 
contrast  to  what  would  be  expected  of  a  stem  cell  population  (a  dilution 
to  \  would  not  interfere  with  counting,  whereas,  if  a  cell’s  radioactivity 
was  reduced  to  fb  or  tfV,  it  would  no  longer  be  counted  as  a  radioactive 
cell). 

The  adrenal  medulla  is  very  inactive  mitotically,  and  so  provides  a 
useful  control  area  in  which  to  estimate  the  amount  of  new  cell  formation 
needed  for  the  small  amount  of  growth  that  might  occur  in  mice  of  this 
age  or  possibly  for  the  replacement  of  an  occasional  cell  damaged  from 
some  irregular  cause.  In  all  the  medullary  tissue  on  the  sections  used  for 
the  cortical  cell  counts  of  Figure  1,  only  12  radioactive  chromaffin  cells 
were  found.  The  total  number  of  medullary  cells  on  one  of  these  sections 
was  2111  and  this  particular  section  contained  4  radioactive  cells.  Thus, 
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for  every  1000  cells  in  the  medulla,  only  1  or  2  new  cells  are  retiuired  each 
day  to  maintain  a  stable  population. 

DISCUSSION' 

The  adrenal  medulla  of  the  mouse  has  an  average  of  1  or  2  cell  divisions 
per  1000  cells  per  day.  This  presumably  represents  the  amount  of  cell 
proliferation  reipiired  for  growth  and  or  replacement  of  dying  cells.  In 
contrast,  the  peripheral  areas  of  the  adrenal  cortex  have  29  to  57  cell 
divisions  per  1000  cells  per  day,  on  the  basis  of  thymidine-H*  incorporation. 
Such  a  high  frequency  of  labeled  cells  indicates  that  the  cell  populations  of 
these  areas  would  be  replaced  every  17  to  35  days,  if  such  cell  proliferation 
occurred  throughout  the  estrous  cycle,  or  every  85  to  175  days,  if  cell 
proliferation  took  place  solely  during  proestrus. 

These  cell  populations  display  some  characteristics  unlike  those  de¬ 
scribed  for  other  renewal  systems  (10,  11,  12).  Of  greatest  interest  is  the 
lack  of  cell  migration.  There  was  no  shift  in  location  of  the  radioactive  cells 
at  any  time  during  the  21 -day  period  and,  considering  the  high  frequency 
of  radioactive  cells  present,  this  period  of  observation  was  ample  to  detect 
any  such  movement.  Since  no  such  cell  movement  was  found  we  may 
conclude  that  in  the  adult  mouse  under  the  conditions  of  this  experiment 
the  escalator  theory  is  completely  invalid.  Thus  the  cells  must  die  and 
degenerate  in  the  same  area  where  they  were  formed.  A  second  feature, 
presumably  a  corollary  to  the  lack  of  migration,  is  the  absence  of  a  stem 
cell  population.  The  events  of  proliferation  and  degeneration  must  be 
rather  evenly  spread  over  all  cells  of  the  outer  cortex.  This  is  quite  different 
from  renewal  systems  like  intestinal  epithelium  (11,  13)  or  vaginal  epithe¬ 
lium  (14),  where  stem  cells  proliferate  continually  while  the  remaining 
cells  in  the  population  migrate,  differentiate,  and  are  finally  lost. 

Since  the  measurements  made  in  this  study  are  given  in  distances  from 
the  capsule  in  microns  it  is  necessary  to  relate  these  data  to  the  histological 
zones  of  the  cortex.  It  is  generally  recognized  that  in  routine  histological 
preparations  the  definition  of  boundaries  between  the  three  zones  of  the 
cortex  is  somewhat  arbitrary.  Using  the  usual  criteria  such  as  cell  size, 
nuclear  size  and  cellular  organization  the  mean  distance  from  capsule  to 
the  glomeriilosa-fasciculata  boundary  was  determined.  This  mean  value 
is  indicated  on  the  graphs  (Figs.  1,  4)  as  is  also  the  average  distance  to  the 
cortical-medullary  boundary.  Since  some  of  the  animals  contained  a  re¬ 
gressing  x-zone  and  since  nearly  all  of  the  labeled  cells  were  located  in  the 
outer  part  of  the  cortex  no  attempt  was  made  to  define  the  inner  boundary 
of  the  zona  fa.sciculata. 

It  is  apparent  from  an  examination  of  the  radioautographs  (Figs.  2,  3) 
and  the  frequency  distribution  of  labeled  cells  that  no  sharp  schism  exists 
between  the  mitotic  behavior  of  the  cell  population  of  the  zona  glomerulosa 
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and  that  of  the  outer  zona  fasciculata.  This  suggests  that,  at  least  in  terms 
of  the  mode  of  cell  renewal,  the  boundary  between  these  two  zones  may  not 
be  of  critical  importance.  It  does  not  however,  preclude  the  possibility 
that  the  zones  are  functionally  independent. 

In  contrast  to  the  rather  rapid  rate  of  cell  turnover  in  the  glomerulosa 
and  outer  fasciculata  a  very  stable  cell  population  was  found  in  the  inner 
fasciculata  and  reticular  zones.  Few  labeled  cells  were  found  in  these  areas 
of  cortex.  This  indicates  that  a  fundamentally  different  kind  of  cell  with 
perhaps  different  secretory  activities  and  with  an  entirely  different  sort  of 
life  history  characterizes  the  deeper  layers  of  the  cortex. 

The  history  of  the  concept  of  a  centripetal  migration  of  cortical  cells  has 
been  reviewed  recently  by  Chester  Jones  (1).  This  theory  has  always  been 
dependent  on  two  salient  points.  It  depends,  in  the  first  place,  on  there 
being  a  continuous  production  of  cells  at  the  periphery.  If  these  cells  move 
inward  and  die  then  there  must,  in  addition,  be  evidence  of  cell  death  in 
the  region  of  the  reticularis.  As  pointed  out  by  Chester  Jones  the  evidence 
for  these  two  points  being  true  has  always  been  equivocal.  Evidence  from 
mitotic  counts  can  be  found  which  either  .supports  or  denies  the  escalator 
theoiy.  In  addition,  Yoffey  (2)  has  pointed  out  a  number  of  facts  which 
speak  against  the  reticularis  being  a  zone  of  degeneration.  The  present 
study  shows  that  while  a  rather  rapid  cell  replacement  takes  place  in  the 
outer  cortex  these  cells  do  not  leave  this  region.  Since  very  few  mitoses 
were  seen  in  the  area  of  the  zona  reticularis  this  implies  that  the  concept 
of  this  zone  being  the  graveyard  of  the  cortex  is  most  certainly  wrong. 

Earlj’  attempts  to  trace  the  fate  of  cortical  cells  by  marking  them  with 
trypan  blue  seemed  to  offer  direct  proof  of  the  correctness  of  the  escalator 
theory  (15).  However,  other  workers  failed  to  confirm  these  findings 
(16,  17). 

^^'ith  a  clarification  of  the  nature  of  cortical  hormones  and  of  the  influ¬ 
ence  of  the  pituitary  gland  over  the  morphology  and  physiology  of  the 
cortex,  it  soon  became  apparent  that  the  histological  zones  might  have 
functional  independence  (18).  Phy.siological  and  histochemical  studies  soon 
confirmed  this  view  (19)  and  the  “zonal  theory”  came  into  being  (20).  This 
theory  states  that  the  three  principal  morphological  zones  of  the  cortex  are 
functionally  independent  and  it  implies  that  there  is  no  regular  passage  of 
cells  from  the  periphery  to  the  medulla.  It  appears,  therefore,  to  deny  anj' 
cell  migration  and  suggests  instead  that  there  may  be  local  degeneration 
and  regeneration  within  each  zone.  The  results  of  the  present  study  appear 
to  deny  the  existence  of  any  systematic  cell  replacement  within  the  inner 
part  of  the  cortex  (inner  fasciculata  and  reticularis).  This  stands  in  sharp 
contrast  to  the  situation  in  the  peripheral  part  of  the  cortex  (glomerulosa 
and  outer  fasciculata)  in  which  a  complete  turnover  of  cells  must  occur 
about  every  one  to  three  months.  The  fate  of  these  cells  cannot  be  deter- 
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mined  from  the  present  data.  However,  since  they  are  shown  not  to  mi¬ 
grate,  it  seems  reasonable  to  assume  that  they  die  in  situ  and  are  system¬ 
atically  replaced. 

Problems  of  cell  movement  in  development  or  after  injury  or  enucleation 
of  the  adrenal  lie  outside  the  scope  of  the  present  discussion.  Obviouslj’, 
these  situations  may  involve  population  changes  and  movements  quite 
foreign  to  the  normal  adult  condition.  It  is  important  to  note  that,  apart 
from  the  inconclusive  studies  with  trypan  blue,  this  is  the  first  study  of 
adrenal  cortical  cell  dynamics  by  the  use  of  a  technique  capable  of  effecting 
a  direct  visualization  of  cell  movements.  The  results  achieved  show  un¬ 
equivocally  that,  at  least  for  the  adult  mouse,  the  escalator  theory  is 
completely  erroneous.  Uidess  contrary  evidence  is  obtained  on  some  other 
species  it  would  seem  wise  to  abandon  completely  this  theory. 
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ABSTRACT 

In  vitro  metabolic  studies  are  reported  on  leukocytes  (PMX)  and  lympho¬ 
cytes  separated  from  human  blood  bj'  differential  sedimentation.  .Vpproxi- 
mately  2  moles  lactate  are  produced  per  mole  glucose  used  b}-  PMN  (60-80% 
neutrophils).  Glycolysis  is  maximal  at  an  initial  glucose  concentration  of 
.0046-.0056  M.  Cortisol  depresses  glycolysis  as  a  function  of  the  log  of  the  drug 
concentration.  This  suppressive  effect  also  is  maximal  at  an  initial  glucose  con¬ 
centration  of  .0045-.0056  M.  Cortisol  has  no  effect  on  oxygen  consumption. 

The  metabolism  of  lymphocytes  differs  somewhat  from  that  of  PMN. 

Their  oxygen  consumption  is  two-fold  that  of  PMN  although  their  glycolytic 
rate  is  lower.  Cortisol  inhibits  lymphocyte  glucose  utilization  at  an  initial 
glucose  concentration  of  .0056-.0067  M  without  affecting  lactate  production 
or  oxygen  consumption. 

It  is  suggested  that  cortisol-induced  involution  of  lymphoid  tissue  is  due  in 
part  to  a  continued  high  rate  of  oxygen  consumption  and  lactate  production 
by  lymphocytes  despite  a  reduction  in  their  glycolysis  by  this  steroid. 

Although  impairment  of  carbohydrate  metabolism  and  an  increa.se 
L  in  protein  catabolism  are  well  known  results  of  elev’ated  blood  corti- 
.sol  levels,  the  interrelationship  between  the.se  two  basic  effects  is  not  clear 
(1-4).  In  vivo,  excess  glucocorticoids  cause  a  decreased  peripheral  gluco.se 
tolerance  te.st,  hyperglycemia,  and  an  inten.sification  of  diabetes  (1,  8,  5- 
11).  Clinically,  the  most  striking  effect  of  the  cortisol-induced  protein 
catabolism  is  involution  of  structure  and  decreased  function  of  the  reticu¬ 
loendothelial  system  (12).  The  present  report  is  concerned  with  the  in 
vitro  action  of  cortisol  on  human  peripheral  blood  leukocytes.  Differences 
in  the  effect  of  cortisol  on  the  glucose  utilization,  lactate  production,  and 
oxygen  consumption  of  neutrophils  and  of  lymphocytes  have  been  investi¬ 
gated. 
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HISTORICAL  SUMMARY 

In  1953  Martin  and  his  colleagues  (13)  adapted  in  vitro  methods  for  studjing  the 
effect  of  steroids  on  blood  leukocyte  suspensions  containing  a  majority  of  polymorpho¬ 
nuclear  cells  (PMN).  These  workers  found  that  cortisone  and  cortisol  had  no  measur¬ 
able  effect  upon  cell  oxygen  consumption,  but  27.6  m^I  cortisol  did  suppress  glucose 
utilization  and  lactate  production.  They  found  the  minimal  effective  concentration 
to  be  between  .276  and  2.76  which  is  in  the  range  produced  by  200  mg.  cortisol 
given  orally  in  humans,  i.e.,  0.60  /ig.  ml.  of  blood,  or  1.66  /xM  (14). 

In  1952  Kit  and  Barron  (15)  incubated  rabbit  appendix,  rat  and  mouse  thymus  and 
spleen  lymphoid  cells  in  a  relatively  high  cortisol  concentration  of  276  /iiM-  Both  oxygen 
consumption  and  oxidation  of  intermediates  of  the  tricarboxylic  acid  cycle  were  little 
affected.  On  the  other  hand,  both  cortisone  and  cortisol  significantly  inhibited  the  in¬ 
corporation  of  l-(''^-gh  cine,  -acetate  and  -DL-phenj’lalanine  into  the  protein  of  these 
cells.  In  later  studies  these  same  authors  found  that  excess  glucocorticoids  also  inhibited 
anaerobic  glycolysis  of  appendix  lymphatic  cells  (16).  Blecher  and  White  (17)  have 
made  similar  observations  on  the  incorporation  of  labeled  glycine  into  the  protein  of  rat 
thymic  lymphocytes.  Although  Jedeikin  and  White  (18)  have  extended  these  studies  and 
shown  that  585  /iM  cortisol  inhibitcfl  aerobic  glycolysis  their  findings  are  difficult  to 
interpret  since  they  report  a  similar  inhibition  with  other  steroids  not  known  to  have  a 
glucocorticoid  effect  in  the  intact  animal.  Inhibition  of  phosi)horus  incorporation  into 
nucleic  acids  and  phosi)holipids  of  h’mphoid  cells  has  been  demonstrated  in  .\CTH- 
t rented  mice  by  Hull  and  White  (19). 

'rhese  in  vitro  studies  may  be  summarized  by  saying  that  cortisol  in  excess  acts  at  the 
cellular  level  to  suppress  glucose  utilization  and  block  protein  anabolism  as  it  does  in  the 
whole  animal.  On  the  other  hand,  neither  these  studies  nor  the  present  report  indicates 
whether  alteration  of  protein  metabolism  is  a  primary  effect  of  the  steroid  or  a  secondary 
result  of  impaired  glucose  metabolism.  They  do  suggest  that  lymphoc3’tes  in  particular 
maintain  a  high  rate  of  total  metabolism  as  measurecl  b\’  oxj'gen  consumption  despite 
the  direct  supi)ressive  effects  of  glucocorticoids  on  glucose  utilization.  The  present  stud}- 
confirms  and  extends  some  findings  on  the  suppressive  effects  of  cortisol  on  in  vitro 
leukocj  te  metabolism. 


EXPERIMENTAL 

Fasting  (overnight)  normal  adults  ranging  in  age  from  21-50  jears  served  as  donors 
in  62  experiments.  Venous  blood  was  drawn  into  a  600  ml.  plastic  blood  bag‘  into  whicli 
6  units  aqueous  ammonium  heparinate  per  ml.  blood  had  been  previousl}-  added.  The 
volume  of  blood  drawn  was  determined  bv  weight  (spec.  grav.  of  blood  =  1.05). 

Leukocyte  suspension  (20) 

Dextran®  (av.  MW  320,000;  viscosity  No.  0.45  dl/g)  in  modified  Hank’s  solution,® 


*  Supplied  as  sterile  Blood  Packs  without  anticoagulants  bj-  the  Fenwal  Laboratories, 
Framingham,  Massachusetts. 

®  Pharmacia,  L^ppsala,  Sweden. 

*  Hank’s  solution:  NaCl,  8.0  gm.;  KCl,  0.4  gm.;  MgS04-7H20,  0.2  gm.;  Na2HP04, 
0.045  gm.;  KH2PO4,  0.06  gm.;  CaCl2-2H20, 0.147  gm.;  pyrogen  free  distilled  H2O,  1  liter 
Mix  with  1  liter  Isotonic  tris-HCl  buffer.  Before  use  add:  40,000  units  streptokinase— 
10,000  units  streptococcal  desoxyribonuclease  (Varidase,  Lederle  Laboratories  Division 
.\merican  C3-anamid  Co.,  New  York,  N.  Y.),  10  mg.  ascorbic  acid,  0.2  gm.  streptom3-cin 
and  200,000  units  penicillin  G  per  liter. 
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buffered  at  pH  7.45  with  an  equal  volume  of  isotonic  tris  buffer,’  was  added  to  the  blood 
bag  to  a  final  concentration  of  1%  (400  ml.  blood  +200  ml.  3%  dextran).  After  5  min¬ 
utes  of  mixing  by  gentle  inversions,  the  bag  was  suspended  vertically  for  45  minutes  to 
allow  sedimentation  of  the  red  cells.  In  some  early  experiments  sedimentation  was  done 
at  4-8°  C.  It  was  later  found  that  room  temperature  imluced  more  rapid  cell  separa¬ 
tion  without  altering  experimental  results.  The  plasma-dextran  supernate  was  siphoned 
into  125  ml.  round  bottom  bottles  and  centrifuged  at  160  G  for  10  minutes  at  4°  C.  The 
supernate  was  discarded  and  the  sedimented  cells  resuspended  in  Hank’s  solution  and 
filtered  through  a  325  mesh  stainless  steel  screen.  The  grumous  consistency  of  the  cell 
susi)ension  (60-80%  PMN)  was  controlled  by  dispersing  Icukocj'tes  with  streptokinase 
and  streptococcal  dcsoxyribonuclease  as  suggested  by  Tullis  (21).  Heparin  was  ineffec¬ 
tive  in  accomplishing  the  same  result. 

Ascorbic  acid  (0.57  /x^f)  "as  added  to  the  suspending  medium  on  the  basis  of  work 
b\’  Merchant  (22)  and  Reid  (23)  which  indicated  that  normal  plasma  levels  of  ascorbic 
acid  are  necessary  for  leukoc3’tc  surface  function.  The  amount  added  was  based  on  the 
normal  value  of  0.7-1. 2  mg.  per  100  ml.  (0.40-0.68  nM)  given  by  Hawk,  Oser  and  Sum- 
merson  (24).  Although  ascorbic  acid  is  important  in  adrenal  metabolism  it  is  not  clear 
that  it  affects  the  action  of  glucocorticoids  in  vitro  (25). 

The  cell  concentration  in  the  initial  suspension  was  adjusted  to  20,000-30,000  cells 
l)er  mm.®.  Differential  coiints  of  leukocytes  in  the  original  heparinized  blood  and  in  the 
cell  suspension  were  done  on  Wright  stained  smears.  The  smears  of  the  cell  suspensions 
were  prepared  bv  diluting  1 : 1  in  human  albumin  solution  (25  gm,  per  100  ml.). 

Erj  throcj'te  counts  on  leukocy  te  suspensions  varied  between  50,000  and  100,000  per 
mm.®.*  Because  the  metabolism  of  this  number  of  red  cells  is  negligilile  their  effect  was 
not  considered  in  data  calculations  (26,  27). 

Lymphocyte  suspension 

A  modification  of  the  above  method  for  obtaining  leukocj’tes  (60-80%  PMN)  was 
us('d  to  obtain  lymphocyte  suspensions.  Before  the  addition  of  the  dextran  solution,  40 
ml.  of  Hank’s  solution  containing  gum  arabic-coated  iron  particles  (1  gm.  CAF  carbonyl 
iron  powder®+l  gm.  gum  arabic  preincubated  30  minutes  at  room  temperature)  was 
injected  into  the  blood  bag  which  was  then  rotated  100  times  per  minute  at  37°  C  for 
one  hour  to  permit  the  phagocytes  to  engulf  the  iron  (28).  Thereafter  dextran  sedimenta¬ 
tion  was  carried  out  using  500  ml.  blood  plus  100  ml.  of  a  6%  dextran  solution  (final 
dextran  concentration  1%).  In  order  to  increase  the  lymphocyte  yield  a  larger  amount  of 
blood  was  used  than  in  the  PMN  studies.  The  iron-weighted  phagocy  tes  separated  with 
the  red  cells.  Lymphocytes  were  sedimented  from  the  plasma-dextran  supernate  by  20 
minutes  of  centrifugation  at  320  G  and  4°  C.  These  preparations  contained  2-5%  eosino¬ 
phils  and  between  90-98%  small  mature  lymphocytes.  Initial  lymphocyte  concentrations 
wore  adjusted  to  20,000-30,000  cells  per  mm.®  for  metabolic  studies. 

Glassware 

.\11  glassware  in  contact  with  cell  susjx'nsions  was  coated  with  silicone  by  the  method 
of  Martin  and  Green  (29).  Aseptic  techniques  were  used  throughout  the  bleeding  and 
metabolic  procedures. 

’  Tris  (hydroxmethyl)  aminomethane.  Sigma  121,  Sigma  Chem.  Corp.,  St.  Louis,  Mo. 

*  Since  all  calculations  of  the  results  were  based  on  tbe  number  of  cells,  variations  were 
limited  to  3%.  Final  determinations  were  done  in  triplicate.  For  each  count  a  1 : 100  dilu¬ 
tion  was  made  of  the  cell  suspension  in  1%  acetic  acid  in  a  standard  red  cell  pipette.  Cells 
in  four  large  squares  of  the  hemocytometer  were  counted. 

•  General  Aniline  and  Film  Corp.,  Dyestuff  and  Chemical  Div.,  Linden,  New  Jersey. 
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Incubation  procedure 

Conventional  Warburg  apparatus  and  manometric  techniques  were  used.  A  cali¬ 
brated  automatic  syringe  was  used  to  distribute  leukocyte  suspensions  in  flasks.  The 
volume  of  cell  suspension  was  2.5  ml.  in  PMN  studies  and  1 .9  ml.  in  lymphocyte  studies. 
The  latter  amount  was  the  minimum  volume  which  gave  reproducible  results  in  lactate 
and  glucose  detcwminations.  Carbon  dioxide  was  absorbed  by  a  solution  of  20%  KOH 
(0.2  ml.)  on  a  filter  pap(‘r  wick  (Whatman  No.  40)  in  the  center  well  of  the  flask.  Incuba¬ 
tion  of  the  Warburg  flasks  was  carried  out  at  37°  C  with  60  oscillations  per  minute  and 
air  as  the  gas  phase.  Following  15  minutes  equilibration  oxygen  utilization  was  recorded 
at  30  minute  intervals  for  4  hours.  Somogyi-Nelson  glucose  (30)  and  Barker-Summerson 
lactate  (31)  determinations  were  done  on  protein-free  filtrates  of  initial,  equilibration, 
and  post-incubation  cell  suspensions.  It  was  necessary  to  perform  a  number  of  experi¬ 
ments  at  a  given  calculated  glucose  value  in  order  to  get  initial  gluco.se  levels  within  the 
desired  range.  This  need  arose  from  the  eonsiderable  variation  in  the  amount  of  residual 
gluco.se,  from  .001 1  to  .0017  M  (20  to  30  mg./lOO  ml.),  which  is  carried  over  with  the  cells 
to  the  final  suspension. 

When  used,  cortisol  (free  alcohol  form)  was  dissolved  in  absolute  ethanol  and  meas¬ 
ured  quantities  were  dried  in  Warburg  flasks  under  vacuum  at  40°  C.  In  experiments  in 
which  the  sodium  hemisuccinate  of  cortisol  or  varying  glucose  concentrations  were  used, 
these  substances  were  similarh*  dried  in  the  flasks  from  distilled  water  solutions.  In  ex¬ 
periments  in  which  the  glucose  concentration  was  constant  in  all  flasks,  uniform  distribu¬ 
tion  was  insured  by  adding  this  substrate  to  the  initial  cell  suspension  before  dispensing 
the  incubation  mixture. 

The  buffering  capacity  of  Hank’s  solution  was  adequate  to  prevent  a  fall  in  post¬ 
incubation  pH  below  7.3.  Terminal  cell  counts  showed  no  significant  fall  in  numbers  of 
leukocytes.  Various  concentrations  of  cortisol  had  no  effect  on  the  pH  or  the  number  of 
cells  during  the  incubation  period. 

RESULTS 

Oxygen  uptake  of  predominantly  polymorphonuclear  leukocyte  suspensions 
(PMX) 

At  an  initial  glucose  concentration  in  the  range  of  .0()4o-.()()()7  M  (SO-1 10 
nig.  100  ml.)  the  PMX  .suspen.sion.s  exhibit  a  coiLstant  rate  of  oxygen  con¬ 
sumption.  An  equilibrium  period  of  lo  minutes  was  allowed  in  all  these  ex¬ 
periments.  However,  when  the  oxygen  consumption  was  plotted  against 
time  for  the  four  hour  incubation  period,  it  was  found  that  one  hour  ap¬ 
pears  to  be  needed  for  complete  equilibration  (32).  Oxygen  consumption  in 
both  cell  suspensions  is  linear  when  plotted  for  the  second  through  fourth 
hours,  suggesting  that  the  Hank’s  solution  [buffered  with  .08  M  Tris 
(hydroxymethyl)  aminomethane]  is  non-toxic  for  the  incubation  period  of 
the.se  experiments. 

As  the  initial  glucose  concentration  is  rai.sed  (Table  1)  oxygen  uptake 
declines  to  a  minimum  within  the  normal  blood  gluco.se  range  (.0045- 
.0067  M). 

Glycolysis  by  PMX  preparations 

The  relation  between  oxygen  utilization  and  the  conversion  of  gluco.se  to 
lactate  is  displayed  in  Tables  1  and  2.  Figure  1  shows  that  glycolysis  in- 
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creases  witli  the  initial  glucose  concentration  to  a  maximum  in  the  range 
where  oxygen  consumption  is  minimal.  Above  .{)0()7  M  glycolysis  seems  to 
form  a  plateau.  In  the.se  stiulies,  throughout  the  range  of  initial  glucose 
concentrations,  the  theoretical  yield  of  2  moles  of  lactate  from  one  mole  of 
glucose  is  approximated. 


.0011  0028  0045  .0062  .0078  .0095  .0112  .0129 

INITIAL  GLUCOSE  CONCENTRATION  (M) 


Fig.  1 


iiMOLES  LACTATE  PER  lO"  CELLS  PER  HOUR 
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Table  2.  Ekfect  ok  cortisol  i  pox  i.elkocyte  (PMN)  metaboi.ism 
(/nmoles  per  UF  cells  per  hour) 

Initial  glucose  r/inge  .0045  .005()  M 


Normals  (20)  Doprossion  by  cortisol  (or  C'ort  Na  true) 


Cortisol  (mM) 

.t)28 

.276 

1..38 

2.76 

27.6 

276 

Glucose 

Ctilization 

.2081  .020* 

.036+  .(K(2 

.045±  .(M(6 

.060±  .011 
(.0,37±  .005) 

.0601  .012 
(.0471  .013) 

.1171  .(K»2 

.1651  .014 

Lactate 

Production 

.4(«±  .cm 

.(WI.5+  0 

.0.50  ±  .020 

.0521  .(K»8 
(.0251  .013) 

.1161  .025 
(.0681  ••«)■.)) 

.1501  .051 

.1351  .031 

Oxvgen 

(’'onsumption 

.006+  .(HDI 

Shows  no  siKnibcunt  change 

Number  of 
Kxpt^rimeiits 

2 

5 

("d 

5 

Cl) 

3 

3 

*  Mean  ±  standard  error. 


Lymphocyte  suspension  (Table  3) 

One  of  the  most  interesting  findings  of  this  study  is  tlie  high  rate  of 
oxygen  consumption  of  lympliocyte  suspensions  (90-98%  small  lympho¬ 
cytes)  which  is  almost  double  that  of  PMX  suspensions  (00-80%  P*MX). 
Following  one  hour  of  equilibration  the  rate  of  lymphocyte  oxygen  con¬ 
sumption  is  constant. 

Important  differences  in  the  glycolytic  activities  of  PMX  and  lympho¬ 
cytes  were  found.  Within  the  physiological  range  of  initial  glucose  concen¬ 
trations  (Fig.  1)  glucose  utilization  by  lymphocytes  is  approximately  20% 
that  of  the  calculated  value  for  a  100%  PMX  .suspension.  The  lymphocyte 
lactate  production  increa.ses  with  added  gluco.se.  (iluco.se  utilization  in- 
crea.ses  slightly  with  added  glucose  but  no  change  in  oxygen  consumption 
is  evident. 

Ejfect  of  cortisol  on  glycolysis 

In  the  studies  with  PMX  preparations  it  was  found  that  concentrations 
of  cortisol  which  are  high  by  clinical  .standards,  i.e.,  above  0.27()  mM,  cause 
an  inhibition  of  glucose  utilization  proportionate  to  lactate  production 


Table  3.  Lymphocyte  metabolism 


(/ainoles  per 

U)^  cells  per  hour) 

Group 

1 

2 

3 

4 

5 

Initial  Glucose  (M) 

range 

.(HK)7-.(K)17 

.0022-.  (M)41 

.(K)45  .(H)56 

.(K)58  .)M)67 

.(H)74  .0122 

average 

.0010 

.(H)35 

.0050 

.0062 

.(K)95 

Glucose  Utilization 

.0521  .015* 

.0641  .011 

.0711  .012 

.0881  .012 

.1101  .030 

Lactate  Production 

.0381  .016 

.1461  .031 

.1751  .045 

.2261  .023 

.1751  .056 

Oxygen  Consumption 

.1641  .022 

.1531  .023 

.155+  .020 

.1641  .015 

.1751  .030 

Number  of  Experiments  in  Group 

4 

6 

5 

7 

6 

Cortisol  (/iM) 

Depression  by  cortisol 
.028 

.276 

2.76 

27.6 

Glucose  Utilization 

.0021  .010 

.0281  .012 

.0371  .004 

.0391  .012 

(Initial  Glucose  .0056-.0067  M) 

Lactate  Production 

.0091  .006 

.(X)31  .012 

.0031  .003 

.0161  .016 

Oxygen  consumption 

Number  of  Experiments  in  Group 

shows  no  signiheant  change 

3  4  4 

4 

*  Mean  ±  standard  error. 
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Table  4.  Comparative  leukocyte  (PMN)  metabolism 
{^imoles  per  10’  cells  per  hour) 


McKinney,  et  al.  (13) 

From  Table  II 

(ilucose  Utilization 

.205+  .022* 

.208+  .020 

Lactate  Production 

.740±  .107 

. 403 ± .033 

Oxygen  Consumption 

.092+  .000 

.090+  .003 

*  Meiin  ±  standard  error. 


(Table  2).  This  effect  occurs  without  altering  oxygen  consumption. 
Maximum  depression  of  glycol\'sis  by  cortisol  occurs  within  the  range  of 
.004o-.00oG  M  initial  glucose  concentration.  On  either  side  of  this  glucose 
range  the  depressive  effect  of  the  steroid  is  variable  and  generally  minimal. 
The  depressive  effect  of  cortisol  on  PMX  glycolysis  is  approximate!}'  a  log 
function  of  the  drug  concentration  (0.028-276  n^l).  Cortisol  hemisuccinate 
is  somewhat  less  effective  than  cortisol  at  the  concentrations  studied, 
namely  1.38  and  2.76  /xM.  This  difference  may  be  due  to  a  relative  incapac¬ 
ity  of  leukocytes  to  hydrolyze  the  hemisuccinate  to  the  free  alcohol  form. 

Glucose  utilization  by  lymphocytes  also  is  reduced  dramatically  by 
corti.sol  (Table  3).  The  effect  was  studied  at  a  higher  initial  gluco.se  con¬ 
centration  (.0056-.0067  M)  than  in  PMN.  Since  these  lymphocyte  prep¬ 
arations  utilize  considerably  le.ss  glucose  than  do  the  PMX  .suspensions, 
the  absolute  change  is  .small  but  the  relative  effect  on  glucose  utilization  is 
great.  The  depre.ssive  effect  of  cortisol  on  lymphocytes  is  dependent  on  the 
steroid  concentration.  Like  PMX",  lymphocyte  oxygen  consumption  is  not 
affected  by  cortisol. 

The  most  provocative  finding  in  the.se  steroid  studies  is  the  failure  of 
cortisol  to  .suppress  lactate  production  by  lymphocytes  in  the  glucose  range 
studied.  This  is  in  contra.st  to  the  finding  with  PMX  suspensions,  in  which 
reduced  glucose  utilization  is  coincident  with  the  reduced  lactate  pro¬ 
duction. 

DISCUSSION 

Although  there  are  many  reports  on  in  vitro  glycolysis  of  reticuloendo¬ 
thelial  cells  most  of  the.se  observations  are  qualitative  studies  on  mixed  cell 
populations.  The  data  on  predominately  polymorphonuclear  leukocyte 
suspen.sions  (PMX)  in  the  present  report  best  can  be  compared  with  that 
given  by  Martin  and  his  colleagues,  whose  methods  were  similar  (Table  4) 
(13).  With  the  one  exception  of  lactate  production  there  is  good  agreement 
between  the  two  studies.  In  the  present  work  a  determination  of  both  the 
initial  and  equilibration  glucose  concentration  was  made.  The  initial  glu- 
co.se  concentration  was  used  for  grouping  the  various  experiments.  The 
equilibration  value  was  taken  as  the  gluco.se  concentration  rather  than  the 
added  glucose  value  in  computing  glucose  utilized  during  the  incubation 
period.  We  attribute  our  finding  of  approximately  2  moles  of  lactate  pro- 
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cluced  per  mole  of  glucose  utilizetl  to  this  variation  in  protocol  and  result¬ 
ing  change  in  method  of  calculation.  The  suppressive  effect  of  cortisol  on 
glucose  utilization  and  lactate  production  by  PMX  was  similar  to  that  pre¬ 
viously  reported  (38).  Both  studies  indicate  that  cortisol  does  not  alter 
leukocyte  oxygen  consumption.  If,  as  Beck  (34)  suggests,  approximately 
3%  of  the  glucose  is  utilized  via  the  direct  oxidative  pathway,  then  the 
oxygen  consumed  can  account  for  glucose  not  detected  as  lactate.  An  ob¬ 
vious  alternative,  which  has  not  been  investigated  fully,  is  that  some  lac¬ 
tate  is  oxidized  via  the  tricarboxylic  acid  cycle. 

No  comparable  studies  have  been  reported  in  which  peripheral  blood 
lymphocytes  have  been  observed  in  the  manner  of  this  report.  However, 
some  of  these  results  can  be  compared  with  work  done  on  lymphoid  tissue 
cell  suspensions.  The  lack  of  effect  of  cortisol  upon  oxygen  uptake  has  also 
l)een  found  by  some  who  have  used  animal  thymus  cells  (15),  but  not  by 
others  using  rat  lymphoid  tissue  cells  (18).  The  suppression  of  lymphocyte 
glucose  metabolism  by  glucocorticoids  in  this  study  is  in  agreement  with 
these  reports.  Barron  and  Kit  (15)  found  that  cortisol  inhibited  oxidation 
of  some  of  the  intermediates  of  the  tricarboxylic  acid  cycles,  and  Jedeikin 
and  White  (18)  demonstrated  inhibition  of  conversion  of  U-C‘^  labeled  glu¬ 
cose  to  lactate.  Observations  on  cortisol  levels  above  2.7()  which  is 
equivalent  to  maximal  adrenal  cortical  stimulation,  are  of  limited  value  in 
applying  these  laboratory  findings  to  physiological  effects  observed  in 
man.  This  is  particularly  true  for  cell  studies  with  a  cortisol  level  more 
than  27.6  a  concentration  well  above  that  found  in  ov’ert  Cushing’s 
syndrome. 

The  present  report  indicates  that  the  polymorphonuclear  cell  has  a  high 
rate  of  metabolism  despite  the  fact  that  it  is  an  end-stage  cell  incapable  of 
division.  Under  aerobic  conditions  this  high  metabolic  rate  is  maintained 
primarily  by  carbohydrate  utilization.  Glucose  “starvation”  by  cortisol  is 
accompanied  by  a  proportionate  reduction  in  lactate  production.  It  is  not 
surprising,  therefore,  that  PMN  undergo  a  reduction  in  many  of  their 
functions  when  exposed  to  excessive  amounts  of  cortisol,  notable  a  loss  of 
pseudopodial  activity  (35),  of  diapedesis  (36,  37),  and  of  phagocytic  power 
(38).  This  resting  state  of  PMN  and  their  failure  to  leave  the  blood  stream 
also  has  been  suggested  as  the  explanation  for  the  neutrophilia  of  hyper- 
cortisonism. 

The  present  report  draws  attention  to  certain  differences  between  the 
metabolism  of  PMN  and  lymphocytes,  as  well  as  to  a  somewhat  different 
end  effect  of  excess  cortisol  on  lymphocytes.  From  current  studies  on 
'ymphocyte  turnover  and  production  it  appears  that  this  peripheral  cell  is 
fully  functional  (39).  It  is  possible  that  the  high  oxygen  uptake  of  lympho- 
•ytes,  double  that  of  PMN,  is  the  result  of  metabolism  of  amino  acids  via 
he  tricarboxylic  acid  cycle  and/or  use  of  the  direct  oxidative  pathway  in 
vhich  ribose  is  produced.  Considerable  quantities  of  ribose  may  be  needed 
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to  maintain  the  integrity  and  function  of  the  nucleoprotein  in  these  small 
mature  lymphocytes. 

Lymphocytes  also  were  found  to  differ  from  PMX  in  other  aspects  of 
metabolism.  They  do  not  exhibit  the  interdependence  between  glucose 
utilization  and  lactate  production  observed  in  PMX.  X^ormal  lymphocytes 
under  aerobic  conditions  utilize  little  glucose.  However,  suppression  of  glu¬ 
cose  utilization  by  cortisol  is  relatively  greater  for  Ijinphocytes  than  it  is 
for  PMX,  despite  the  absence  of  any  effect  on  lymphocyte  lactate  produc¬ 
tion.  Under  the  aerobic  conditions  of  this  study,  cortisol  has  no  effect  upon 
the  oxygen  consumption  of  either  cell  system.  These  findings  suggest  that 
peripheral  lymphocytes  use  a  pathway  other  than  glycohsis  to  fulfill  their 
energy  requirements  when  glucose  utilization  is  blocked  by  cortisol.  Studies 
by  Blecher  and  White  (40)  provide  evidence  that  adrenal  cortical  hormones 
affect  the  energy-yielding  reactions  in  glucose  degradation.  The  continued 
normal  lactate  production  may  result  from  the  metabolism  of  amino  acid 
pools  within  the  cell  or  perhaps  of  other  nutrients  in  the  suspending 
medium,  specifically  any  plasma  components  carried  along  with  the  un¬ 
washed  cells.  Some  information  about  the  latter  of  these  two  po.ssibilities 
is  available  in  the  studies  of  Blecher  and  White  (17),  who  describe  a 
greatly  reduced  lymphoid  cell  incorporation  of  amino  acids  into  cell  pro¬ 
teins  but  no  evidence  of  cell  protein  catabolism  in  the  presence  of  excess 
steroid.  The  ultimate  fate  of  tagged  extracellular  amino  acids  in  the  pres¬ 
ence  of  cortisol  has  not  been  established.  X^o  evidence  is  available  to  show 
that  the  continued  lactate  production  by  lymphoid  cells  is  derived  from 
cellular  proteins.  If  either  could  be  e.stablished,  howev'er,  by  suitable 
tagging  techniques  it  is  reasonable  to  as.sume  that  cortisol-induced  involu¬ 
tion  of  lymphoid  tissue  is  the  result  of  this  cell’s  continued  high  metabolic 
rate  despite  reduced  glucose  utilization  and  reduced  amino  acid  incorpora¬ 
tion. 

The  results  of  this  in  vitro  metabolic  study  indicate  that  the  site  of  ac¬ 
tion  of  cortisol  may  be  the  same  in  the  two  cell  systems  but  that  the  pre¬ 
dominant  metabolic  schemes  differ  between  PMX^  and  lymphocytes. 
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ABSTRACT 

In  this  report,  it  has  been  demonstrated  that  hydroerotisone,  shortly  after 
injection  to  fasted  adrenaleetoinized  rats,  markedly  decreased  the  rate  f)f  oxida¬ 
tion  of  glucose  and  glycerol,  increased  their  rates  of  conversion  to  liver  glyco¬ 
gen,  and  increased  the  oxidation  of  palmitate-l-C''^.  Hydrocortisone  had  equiv¬ 
ocal  effects  on  the  oxidation  rate  of  acetate  and  pyruvate;  injection  of  un¬ 
labeled  jiyruvate  in  the  presence  of  hydrocortisone  produced  increased  blood 
levels  of  substrate.  Hydrocortisone  did  not  affect  the  oxidation  of  amino  acids 
under  the  conditions  used  in  these  exi)eriments. 

Injection  of  hydrocortisone,  subcutaneously  and  via  the  saphenous  and 
portal  veins,  led  to  glycogmiic  effects  which  are  interpreted  to  mean  that  the 
steroid  was  acting  i)rimarily  on  tissues  other  than  the  liver.  Additional  experi¬ 
ments  concerning  the  time  course  of  both  muscle  and  liver  glycogen  synthesis 
after  glucose  injection  suggests  that  hydrocortisone  decreases  the  rate  of  oxida¬ 
tion  of  glucose  at  some  level  below  that  of  glucose  entry  or  transport  into  the 
cell. 

Of  administered  amino  acids,  fat,  protein,  lactate  and  glucose,  only  the  lat- 
t(‘r  two  substrates  markedly  influenced  the  glycogenic  response  to  hj’drocor- 
tisone.  These  data  are  consistent  with  the  hypothesis  that  hydrocortisone  is 
primarily  concerned  with  the  disposition  and  metabolism  of  glucose  or  one  of 
its  immediate  metabolites. 

Administration  of  hydrocortisone  to  fasted  adrenaleetoinized  rats  led  to 
early  increases  in  the  plasma  levels  of  lactate  and  glucose;  amino  acid,  non- 
esterified  fatty  acid,  and  protein  levels  were  not  significantly  altenal.  The  rapid 
rise  in  blood  glucose  levels  is  postulated  as  due  to  the  inhibitory  effects  of  hydro¬ 
cortisone  on  glucose  metabolism  in  “peripheral”  tissues;  not  a  reflection  of  a 
primary  effect  on  “gluconeogenesis”  or  conversion  of  non-carbohydrate  jire- 
cursors  to  glucose.  Additional  evidence  suiijiorting  the  above  conclusions  is 
also  jire.sented. 

There  are  many  investigation.s  which  .show  that  tlie  primary  effects 
of  the  adrenocortical  steroids  may  be  on  gluconeogenesis,  amino  aci<l 
metabolism  or  transport,  protein  catal)olism,  and  the  oxidation  of  fat 
(1-29).  As  expres.sed  by  Thorn  (16),  “We  are  unable  to  as.sign  discrete 
metabolic  .sites  to  any  of  the.se  effects,  let  alone  ascribe  a  primary  site  of 
action  to  explain  all  the  diverse  observations  noted  in  experimental  animals 
and  man.” 
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The  primary  purpose  of  tlie  present  work  was  to  obtain  definitive  infor¬ 
mation  regarding  the  sequential  events  occurring  after  the  injection  of 
hydrocortisone  to  fasted  adrenalectomized  rats  and  to  provide  more 
critical  support  for  hypotheses  which  have  been  advanced  by  others  (22, 
23,  26,  27,  28,  30).  It  is  our  belief  that  the  effects  of  steroids  at  the  cellular 
or  enzyme  level  can  neither  be  interpreted  nor  understood  until  more 
information  is  available  regarding  the  primary  effects  of  steroids  in  the 
whole  animal. 

We  have  attempted  to  demonstrate  that  the  initial  effect  of  hydrocor¬ 
tisone  is  concerned  with  glucose  metabolism  per  se  and  that  this  effect 
occurs  at  some  level  below  that  of  glucose  entry  into  the  cell. 

METHODS 

Female  rats  of  the  Sprague-Dawley  strain  were  received  when  45  days  old,  adrenal- 
eetomized  the  following  day,  and  fasted  4-6  days  later  (for  24  hrs.)  before  use  in  the 
following  experiments. 

Steroids  were  suspended  in  0.5  ml.  earboxymethylcellulose  vehicle'  and  injected  sub- 
subcutaneously  in  the  cervical  region.  Various  substrates,  i.e.,  glucose,  lactate,  pyruvate, 
and  others  were  injected  intraperitoneally,  orally,  intravenously,  and  subcutaneously 
in  water  or  saline.  With  the  exception  of  amino  acids  and  glucose,  all  substrates  were 
adjusted  to  pH  7.0  with  NaOH  before  administration  to  animals.  Reagent  grade  sub¬ 
strates  were  used  tliroughout. 

Liver  and  muscle  glycogen  analyses  were  done  colorimetrically  (31);  isolation  and 
purification  was  done  according  to  methods  described  by  Sakami  (32).  At  least  5  ani¬ 
mals  were  employed  for  each  point;  samples  were  analyzed  in  duplicate,  and  every 
experiment  repeated  two  or  more  times. 

Hydrocortisone  (free  alcohol)  was  injected  via  the  tail  vein  in  unanesthetized  rats 
in  1.0  ml.  of  10%  ethanol  :0. 25  M  sucrose.  When  isotope  experiments  were  performed, 
both  labeled  (4-C''q  and  unlabelcd  hydrocortisone  were  injected.  Blood  steroids  were 
either  determined  by  the  Nelson-Samuels  method  (33)  on  total  blood  samples  removed 
from  each  rat  or  analyzed  in  a  Packard  liquid  scintillation  spectrometer.  Radioactive 
samples  were  routinelj-  counted  at  least  two  times  for  at  least  10  minutes. 

When  lactate  (34),  pyruvate  (35),  glucose  (36),  amino  acids  (37),  protein  (38),  and 
blood  monesterified  fatty  acids  (FF,\)  (38a)  were  determined,  blood  was  removed  in 
dry  heparinized  syringes,  placed  quickly  on  ice  and  centrifuged.  Analyses  were  made 
in  duplicate  on  blood  plasma  and  recovery  studies  of  substrates  from  blood  plasma  were 
done  simultaneously  at  .3  different  substrate  levels  to  determine  tbe  accuracy  of  the 
methods. 

The  composition  of  the  fat  preparations  (Lipomul  I.V.)  used  in  these  studies  has  been 
previously  described  (39).  Radioactive  studies  with  fat  were  done  with  a  Lipomul  solu¬ 
tion  eontaining  5  #xc.  of  palmitate-l-C-1 4/15  ml.  Orally  administered  fat  was  undiluted 
reagent  grade  cottonseed  oil. 

The  intravenous  amino  acid  preparation  (10%)  was  prepared  by  the  Interchemical 
Corporation  and  had  the  following  percentage  composition;  arginine,  3.8,  histidine, 
2.7,  isoleucine,  7.4,  leucine,  8.5,  methionine,  3.0,  phenylalanine,  5.5,  threonine,  5.0, 
tryptophan,  0.5,  valine,  7.3,  and  other  amino  acids,  40.0. 

Radioactive  substrates  (pyruvate,  lactate,  and  others)  were  obtained  from  com¬ 
mercial  sources.  Radioaetive  steroids  were  dissolved  in  ethanol;  water  soluble  sub- 

'  No.  100  Sterile  Vehicle,  The  L^pjohn  Company,  Kalamazoo,  Mich. 


L 


388 


GLEXX,  BOWMAX,  BAYER  AXD  MEYER 


Volume  68 


strates  in  physiological  saline.  These  were  added  to  unlabeled  substrates  prepared 
immediately  before  injection.  When  liver  glj’cogen  was  isolated,  purified  and  subse¬ 
quently  analyzed  for  radioactivity,  samples  were  also  taken  to  which  radioactive  sub¬ 
strates  had  been  added  directly  to  the  KOH  digest  to  determine  that  non-specific  in¬ 
corporation  of  C'^  had  not  occurred  by  a  simple  exchange  reaction. 

Carbon  dioxide  was  collected  in  COo-free,  4X  XaOH  for  varying  periods  and  was 
measured  by  plating  aliquots  from  collection  flasks  with  barium  chloride.  Samples  were 
always  analyzed  in  duplicate.  An  all-glass  apparatus  was  used  for  the  caging  of  animals 
and  was  designed  to  accommodate  one  rat  per  apparatus.  Ten  rats  (5  controls,  5  treated) 
were  employed  for  every  series  of  experiments.  Samples  were  counted  on  a  Baird  821-B 
automatic  counter  and  correction  factors  were  applied  for  self-absorption  of  samples. 

When  steroids  or  other  materials  were  injected  via  the  saphenous  vein,  a  small  inci¬ 
sion  was  ra|)itlly  made  in  the  hind  leg  of  unanesthetized  rats  and  the  material  infused 
into  this  vein  over  a  5-10  minute  interval.  The  skin  incision  was  clipped  over  a  small 
piece  of  Gelfoam.  Injections  into  the  portal  vein  were  made  in  rats  lightly  anesthetizt-d 
with  ether.  Small  incisions  were  made  in  the  abdomen  and  substrates  or  steroids  in- 
jeeted  into  the  portal  vein  over  a  10-minute  interval.  Hepatic-venous  blood  was  col¬ 
lected  in  a  if  18  needle  for  30  minutes.  Animals  were  successful!}'  exsanguinated  by  this 
procedure.  Blood  from  the  hepatic  vein  was  extracted  4X  with  an  equal  volume  of  ethyl 
acetate rchloroform,  1:5,  followed  by  extraction  with  X-butanol.  Dry  residues  were 
chromatographed  on  florisil  columns  and  analyzed  for  steroids  by  the  Porter-Silber 
technique  (40).  When  it  was  desired  to  inject  the  hepatic  venous  extracts  via  the  saphe¬ 
nous  vein,  these  were  chromatograi)hed  as  before,  redissolved  in  warm  ethanol,  cooled, 
and  made  to  the  desired  volume  with  0.25  M  sucrose.  Hydrocortisone  is  more  soluble  in 
10%  ethanol : sucrose  than  in  10%  ethanol  :saline,  hence  the  preference  for  this  solvent. 

Tritiated  water  was  diluted  to  the  desired  concentration  with  physiological  saline 
and  injected  intraperitoneally  2  hours  before  the  injection  of  hydrocortisone  and  other 
substrates.  In  most  cases,  the  actual  number  of  disintegrations  per  minute  of  samples 
to  be  injected  were  determined  prior  to  experiments  with  animals.  When  liver  glycogen 
was  isolated  after  the  injection  of  tritium,  sami)les  of  glycogen  from  untreated  rats 
were  incubated  with  large  amounts  of  tritiated  water  (in  Krebs  buffer  at  37°  C  for  24 
hrs.)  to  determine  that  incorporation  did  not  occur  via  a  simple  exchange  reaction  with 
glucose  or  glycogen.  We  have  not  fouml  this  to  be  the  case. 

These  studies  are  divided  into  six  parts: 

1.  The  Effect  of  Fat,  Amino  .\cids.  Protein,  Glucose  and  Lactate  on  the  Glycogenic 
.\ctivity  of  Hydrocortisone. 

2.  Relationship  Between  Disappearance  of  Hydrocortisone  from  the  Blood  of  Rats 
and  Its  Metabolic  Effects. 

3.  Effects  of  Hydrocortisone  on  Liver  and  Muscle  Glycogen  Synthesis. 

4.  ('hanges  in  Blood  Levels  of  Various  Constituents  .\fter  the  Administration  of 
Hydrocortisone. 

5.  Effect  of  Hydrocortisone  on  the  Incorporation  of  Radioactive  Substrates  into 
Liver  Glycogen  and  Expiratory  C'02. 

fi.  Studies  ('oncerning  the  Probable  Site  of  Action  of  Hydrocortisone. 

RESULTS  .\XD  CONCLUSIONS 

1.  Ejfect  of  Fat,  Amino  Acids,  Protein,  Glucose  and  Lactate  on  the  Glycogenic 
Activity  of  H ydrocortisone 

A  characteristic  glycogenic  time  curve  for  hydrocorti.sone  is  shown  in 
F'igure  1.  Following  the  subcutaneous  injection  of  1.0  mg.  of  hydrocor- 
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Fig.  1.  Effect  of  hydrocortisone  on  liver 
glycogen  of  fasted  adrenulectomized  rats. 

Conditions:  1.0  mg.  hydrocortisone  per 
rat,  subcutaneous;  6  rats  per  point. 
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tisone,  liv'er  glycogen  deposition  did  not  occur  for  2  to  4  liours.  Liver 
glycogen  persists  at  a  steady  level  between  8  to  12  hours  after  injection  of 
1  mg.  of  hydrocortisone  and  declines  to  control  levels  within  24  hours. 

When  increasing  amounts  of  hydrocortisone  were  administered  subcu¬ 
taneously,  measurable  levels  of  liver  glycogen  were  found  with  0.8  mg.  and 
increa.sed  up  to  2.0  mg.  (Fig.  2).  Higher  doses  did  not  cause  greater  .synthe¬ 
sis  of  glycogen  during  the  intervals  employed  (7  hours).  Strict  linearity 
was  not  observed  between  the  amount  of  steroid  given  and  amount  of 
glycogen  synthesized.  This  S-shaped  curve  may  result  because  some  sub¬ 
strate  upon  which  hydrocortisone  is  acting  is  being  supplied  in  insufficient 
amounts  to  completely  sati.sfy  the  system.  Whatever  this  substrate  may 
be,  it  is  probably  produced  at  the  .same  rate  in  the  pre.sence  and  absence  of 
hydrocorti.sone. 

When  either  lactate  or  glucose  was  administered,  the.se  .substrates  not 
only  caused  a  more  rapid  and  greater  response  to  subcutaneously  (as  well 
as  intravenously)  administered  hydrocortisone,  but  also  straightened  out 
the  S-shaped  dose-response  curve  (Figs.  8,  4,  5). 

The  oral  administration  of  either  amino  acids  or  fats  in  increasing 
amounts  for  various  time  intervals  failed  to  markedly  increa.se  the  glyco¬ 
genic  respon.se  to  hydrocortisone  (Figs.  (>,  7,  8).  Sodium  caseinate  feeding 
slightly  enhanced  glycogen  deposition  but  its  effect  was  strikingly  le.s.s  than 
that  which  could  be  produced  by  smaller  amounts  of  glucose  (Fig.  7). 
.\dministration  of  cottonseed  oil  depressed  steroid-induced  liver  glycogen 
deposition  in  the  absence  or  presence  of  glucose  (Fig.  8). 

When  natural  protein  (whole  blood  from  fasted  adrenalectomized  rats) 
was  administered  intravenously  in  increasing  amounts,  it  was  found  to  be 
without  influence  on  the  glycogenic  activity  of  hydrocortisone  (Fig.  9). 


Fig.  2.  Effect  of  hydrocortisone  on  liver 
glycogen  synthesis  in  the  fasted  adrenalec¬ 
tomized  rat. 

Conditions:  Livers  removed  7  hrs.  after 
injection;  5  rats  per  point. 
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Fig.  4.  Liver  glj’cogen  activity  follow¬ 
ing  intra peritoneal  injection  of  glucose. 

Conditions:  Glucose  control  group  sub¬ 
tracted  from  each  point;  5  rats  per  point. 
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Fig.  3.  Liver  glycogen  time-response 
curve  following  intraperitoneal  adminis¬ 
tration  of  gluco.se. 


MILLIGRAMS  HYDROCORTISONE  (S  C) 


Fig.  o.  Effect  of  hydrocortisone  on  con¬ 
version  of  lactate  to  liver  glycogen. 

Conditions:  Livers  removed  7  hrs.  after 
injection;  5  rats  per  point. 
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Fig.  6.  Effect  of  cottonseed  oil  adminis¬ 
tration  on  glycogenic  response  to  hydrocor¬ 
tisone. 

Conditions;  Livers  removed  S  hrs.  after 
injection;  o  rats  per  point. 
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Oral  administration  of  increasing  amounts  of  1-glutamic,  1-aspartic,  and 
a-ketoglutaric  acids  failed  to  cause  an  increase  in  net  glycogen  synthesis  in 
the  liver  after  hydrocortisone  injection  (unpublished  data).  The  intrave¬ 
nous  administration  of  fat  (Lipomul  I.V.)  or  amino  acids  (10%  mixture) 
alone  failed  to  produce  either  a  net  increase  in  synthesis  of  liver  glycogen  or 
incorporation  of  into  glycogen  from  labeled  substrates  (Figs.  10,  11). 

Examination  of  the  data  referred  to  in  this  .section  reveals  that  injection 
of  gluco.se  or  lactate  markedly  influences  the  glycogenic  response  to  hydro¬ 
cortisone.  Fat,  protein  or  amino  acids  do  not  readily  elicit  the.se  changes  in 
the  adrenalectomized  rat.  The  conclusion  drawn  at  this  point  is  that  hydro¬ 
cortisone  markedly  influences  the  disposition  of  glucose  or  its  immediate 
metabolites  per  se  and  that,  insofar  as  liver  glycogen  synthesis  is  concerned. 

Fig.  7.  Effect  of  oral  administration  of 
amino  acids,  protein  and  glucose  on  liver 
glycogen  deposition. 

Conditions:  .5  rats  per  point;  animals 
were  allowed  to  eat  ad  lib.  a  30%  sodium 
caseinate  mixture.  Numbers  in  parentheses 
indicate  amount  of  sodium  caseinate  (gm.) 
eaten  by  each  rat  during  the  period  when 
food  was  offered;  12  hrs.  after  initiation  of 
24  hr.  fast  and  continued  throughout  ex¬ 
periment  (31  hrs.).  .\nimals  also  received 
1.0  gm.  each  of  a  30%  amino  acid  mixture 
by  force-feeding  7  hrs.  before'  liver  removal. 
Hydrocortisone  (SC)  and  glucose  (IP) 
were  injected  at  8  a.m.,  livers  removed  at 
“  3  p.M.  Please  note  that  animals  receiving 
hj’drocortisone  ate  almost  twice  as  much 
sodium  caseinate  as  control  rats. 
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Fig.  8.  Effect  of  hydrocortisone,  fat, 
glucose  and  their  combination  on  liver  gly¬ 
cogen. 

Conditions:  5  rats  per  point.  .Vdrcnalee- 
tomized  rats  were  started  on  a  24  hr.  fast, 
12  hrs.  later  they  received  5  gm.  cotton¬ 
seed  oil  orally  and  again  7  hrs.  before  liver 
removal;  total  of  10  gm.  per  rat.  Glucose 
(300  mg.  IP)  and  hydrocortisone  (2.0  mg. 
SC)  were  injected  at  8  .\.m.,  livers  removed 
at  3  p.M.  Please  mite  that  the  glycogenic 
effects  of  hj’droeortisone  were  actually  de¬ 
pressed  in  th(‘  iire.senee  of  fat.  Livers  of 
rats  receiving  cottonseed  oil  were  on  the 
average  2  gm.  heavier  than  those  of  other 
animals  and  were  “filled”  with  fat. 
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fat,  protein  and  amino  acid.s  are  relatively  ineffective  in  thi.s  regard.  It 
appears  that  availability,  not  increa.sed  synthesis,  of  glucose  determines  the 
quantitative  aspects  of  the  glycogenic  respon.se  to  hydrocorti.sone. 

2.  Relationship  Between  Disappearanee  of  H ydroeortisone  from  the  Blood  of 
Rats  and  Its  Metabolic  Effects 

When  labeled  or  unlabeled  hydrocortisone  was  injected  intravenously, 
it  disappeared  almost  completely  from  the  blood  within  1-|  to  2  hours 
(Figs.  12,  13).  It  will  be  recalled  that  the  glycogenic  response  to  similar 
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Fig.  10.  Effect  of  intravenous  Lipomul 
on  liver  sl.vcogen  deposition  in  adrenalee- 
tomized  rats. 

C'onditions;  5  rats  per  bar.  1-4  ml.  via 
saphenous  vein.  5  ml.  via  tail  vein.  Spe- 
eifie  activity  of  liver  glycogen  following  IV 
injection  of  ')  ml.  Lipomul  + 1  .(Hi  nc.  tri- 
palmitate-l-C'^  =  zero.  Livers  removed 
hrs.  after  injection. 


controls  10  2  0  3  0  4  0  6  0 

milliliters  of  10%  AMINO  ACIDS  VIA  SAPHENOUS 


VEIN 


Fig.  12.  Disappearance  rate  of  hydro¬ 
cortisone  from  blood  of  adrenalectomized 
rats. 

Conditions;  Each  jioint  repri'sents 
pooled  blood  samples  from  3  rats;  each  rat 
received  1.0  mg.  hydrocortisone'  (IV). 
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MILLILITERS  LIPOMUL  INTRAVENOUSLY 


Fig.  11.  Liver  glycoge'ii  dejiosition  fol¬ 
lowing  intravi'iious  injection  of  10%  amino 
acid  mixture  to  fasted  adrenalectomizi'd 
rats. 

Conditions:  4  rats  p<'r  bar.  Livers  re- 
movc'd  4  hrs.  aftc'r  each  injection.  Spe'citic 
activity  of  liver  glycogen  following  IV  in¬ 
jection  of  2  ml.  of  10%  amino  acid  mixture 
containing  1.0  m<'.  i)L-alanine-2-C'^  and  1.0 
Mc.  DL-jiroline-l =  zero. 
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amounts  of  steroid  did  not  appear  for  2  to  4  hours  and  persisted  for  .several 
hours  (Fig.  3).  When  1  mg.  of  hydrocortisone  was  injected  into  fasted 
adrenalectomized  rats  and  glucose  was  administered  3  hours  later,  this 
substrate  markedly  enhanced  liver  glycogen  deposition  in  the  hydrocorti- 
.sone  treated  animals  (Fig.  14).  It  appears  that  hydrocorti.sone,  even  after 
its  disappearance  from  blood,  influences  the  fate  of  administered  glucose 
and  that  blood  steroid  levels  do  not  accurately  mirror  physiological  events. 


394 


GLEXX,  BOWMAX,  BAA'ER  AXI)  MEYER 


Volume  6S 


Fig.  13.  4-C'‘^-ny<lr()c()rtisoni‘  (frt'eand 
conjugated)  in  rat  hloorl  following  intra¬ 
venous  administration. 

Conditions:  IRood  was  removed  from 
dorsal  aorta;  divided  into  2  equal  parts. 
One  part  extracted  with  chloroform, 
aqueous  residue  boiled  with  15%  hydro¬ 
chloric  acid  for  30  min.,  re-extracted  with 
chloroform.  Other  portion  of  blood  was  in¬ 
cubated  overnight  at  pH  4.8  with  25,000 
units  calf  spleen  /(i-glucuronidase  (Keto- 
dase).  1.0  mg.  hydrocortisone -|-0.4  /xc. 
4-C’'*  per  rat  via  saphenous  vein. 


R.  Effects  of  Hydrocortisone  on  Liver  and  Muscle  Glycogen  Synthesis 

When  hydrocortisone  and  glucose  were  administered  together  and 
muscle  and  liver  glycogen  determined  at  various  times,  glycogen  synthe.sis 
from  glucose  occurred  in  both  tissues  and  the  time  relationships  were  the 
same  (Fig.  15).  Hydrocortisone  may  reduce  the  peripheral  utilization  of 
gluco.se  or  its  immediate  precursors.  This  inhihition  must  be  occurring  at 
some  low  metabolic  level  and  not  at  the  point  of  glucose  transport  into  the 
cell:  otherwise,  one  would  expect  le.ss  muscle  glycogen  .synthesis  after 
hydrocortisone  injection.  Increases  in  muscle  glycogen  synthesis  after 
hydrocortisone  injection  are  far  less  than  those  which  occur  in  the  liver. 
Increased  muscle  glycogen  synthesis  after  hydrocorti.sone  injection  (Fig. 
16)  does  not  occur  unless  large  amounts  of  glucose  are  also  injected.  These 
latter  statements  also  apply  to  incorporation  of  tracer  amounts  of  glucose- 
2-C'^  into  muscle  glycogen  (unpublished  data). 


I  I  600  MG  GUICOSE  (IP)  5  HOURS  BEFORE  LIVER  REMOVAL 

10  MG  HYDROCORTISONE  (1  Vl  6  HOURS  BEFORE 
LIVER  REMOVAL 

{IlitlllM’  GLUCOSE  HR)  PLUS  HYDROCORTISONE  (IV) 


Fig.  14.  Influence  of  intra peritoneal 
glucose  on  liver  glycogen  dejiosition. 
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Fig.  15.  Time  response  of  rat  nnisele 
and  liver  nh-eogen. 

Conditions:  Eaeh  rat  rc'ceived  4.0  mg. 
hydrocortisone  (iSC)+S()0  mg.  glucose 
(IP).  Values  obtained  by  subtracting  glu¬ 
cose  control  group  from  hydrocortisone 
plus  glucose  group.  Each  jioint  is  the  mean 
of  5  rats. 


TIME  . HOURS 


4.  Changes  in  Blood  Levels  of  Various  Constituents  After  the  Admini.stration 

of  H ydroeortisonc 

Blood  and  liver  ehaiiKes  after  the  injection  of  hydrocortisone  revealed 
that  gluco-se  and  lactate  levels  increa.se  in  blood  long  before  detectal)le 
changes  occur  in  liver  glycogen  levels  (Fig.  17).  The.se  results  partly  con¬ 
firm  those  obtained  by  others  (41).  Significant  and  persistent  changes  in 
protein  and  amino  acid  levels  were  not  observed  during  the  time  intervals 
employed.  (No  change  occurred  in  plasma  nonesterified  fatty  acids  (FFW) 
during  the  .same  time  intervals.)  Although  increa.ses  in  blood  gluco.se  and 
liver  glycogen  were  clear-cut  and  easily  demonstrated,  blood  lactate  in¬ 
creases  were  not  as  great  and  overlapping  of  individual  values  occurred. 
If  hydrocortisone  actually  increa.ses  the  production  or  availability  of 
lactate,  it  should  be  possible  to  show  that  lactate  administration  alone 
leads  to  glycogen  .synthesis  in  the  fasted  adrenalectomized  rat.  This  was 


Fig.  16.  Dose  resiionse  of  muscle  glycogen  to  glucose  and  hydrocortisone. 
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AORTIC  BLOOD 


LIVER  GLYCOGEN 


VENOUS  ELOOD 


100  glucose 

5*75- 

50  -  • 


50-1 

■>  — I — r 


TIME  ;  HOURS 


Fi(i.  17.  Tiiiu'  response:  cfToft  of  liydrocortisone  on  various  blood  constituents  and 
liver  Klyco}?cn. 

('oinlitions:  2.0  ins-  bylrocortisone  (S(');  o  rats  ptT  i)oint. 


found  to  he  the  case  (Fij;.  o)  and  is  in  direct  contrast  to  results  obtained 
wlien  protein,  fat,  and  amino  acids  were  injected  (Figs.  9,  10,  11). 

Tlie  conclusion  drawn  from  tlie.se  data  is  that  hydrocorti.sone  increases 
the  blood  levels  of  gluco.se  and  lactate  and  has  little  effect  on  blood  levels  of 
protein,  amino  acids  or  nonesterified  fatty  acids.  Does  the  rise  in  blood 
glucose  reflect  an  inrrease  in  glucose  production  or  does  it  merely  reflect  a 
change  in  the  metabolism  of  gluco.se  as  it  is  made  available  through  normal 
channels  at  a  normal  rate?  The  conclusion  drawn  from  Sections  1  and  2  is 
that  the  glycogenic  effects  of  hydrocortisone  are  primarily  dependent  upon 
the  existing  availability  of  .substrate — not  on  increa.sed  synthe.sis. 

o.  Ejfert  of  H ydrocortisonc  on  the  Incorporation  of  Radioactive  Substrates  into 
Liver  Glycogen  and  Expiratory  CO^ 

If,  in  the  pre.sence  of  hydrocortisone,  the  oxidation  of  lactate  or  pyruvate 
were  decreased  as  shown  and  their  conversion  to  glucose  increased,  the 
injection  of  substrates  which  exchange  with  pyruvate  should  be  increas¬ 
ingly  incorporated  into  liver  glycogen.  When  various  substrates  (palmitate- 

1- C-14,  butyrate-l-C-14,  acetate-l-C-14,  acetate-2-C-14,  citrate-l,5-C-14, 
alanine-2-C-l  4,  gluco.se-l-C-14,  gluco.se-6-C-14,  succinate-2-C-14,  glycine- 

2- C-14,  pyruvate-l-C-14,  pyruvate-2-C-14,  formate-C-14,  and  sodium 


March,  1961  HYDROCORTISONE  AND  INTERMEDIARY  METABOLISM  397 


Table  1.  Effect  of  hydrocortisone  on  incorporation  of  C'^  from 

VARIOUS  SUBSTRATES  INTO  LIVER  GLYCOGEN 


Compound 

.\mount  injected 

mg.  glyco¬ 
gen/liver  in 
treated 

Specific  activity 
DPM/mg.  glycogen 

Unlabeled 

Ilvdrocor- 

Labeled 

animals 

Controls 

tisone 

nig. 

treated 

Clucose-l-C'^ 

299,440  DPM 

20 

50 . 6 

0 

262  - 

Acetate-2-C‘^ 

312,300  DPM 

60 

.50.4 

0 

72 

Pvruvate-1-C‘< 

274,160  DPM 

40 

60.2 

0 

241 

Acetate-l-C** 

789,600  DPM 

20 

43.6 

0 

43 

Glucose-6-C*‘ 

544,000  DPM 

20 

71 .6 

0 

657  ' 

Pvruvate-2-C» 

.544,000  DPM 

20 

70.7 

0 

7.58 

DL-Alanine-2-C*^ 

544,000  DPM 

20 

93 . 5 

0 

644 

Succinate-2-C“ 

1  AlC. 

20 

.54.7 

0 

1475 

Citrate-1, 5-C*< 

1  flC. 

20 

51 .4 

0 

99 

Glj'cine-2-C“ 

Uc. 

20 

.59.9 

0 

773 

Formate-C* 

2  fic. 

40 

27.0 

0 

520 

Bicarbonate-C'^ 

2  /ac. 

40 

29.2 

0 

150 

Palmitate- 1-C'^ 

1 ,986,400  DPM* 

36.2 

0 

80 

Butyrate- 1-C'< 

2,255,7.50  DPM 

20 

65 . 3 

0 

298 

5  rats  pur  point.  All  substrates  injected  IP  (palmitate  injected  IV^),  2  hrs.  after  subcutane¬ 
ous  injection  of  hydrocortisone  and  livers  removed  5  hrs.  after  injection  of  each  substrate. 


*  Palmitate-l-C*^  contained  in  5.0  ml.  of  an  intravenous  fat  prejiaration  (Lipomul). 


hicarhonate-C-14)  were  administered,  it  was  found  that  hydrocortisone 
increased  the  incorporation  of  from  all  of  these  substrates  into  liver 
glycogen  (Table  1).  In  the  absence  of  steroid,  none  of  these  materials  were 
incorporated  into  liver  glycogen. 

When  some  of  the  above  .substrates  were  injected  with  small  amounts  of 
the  respective  carrier  and  analyses  of  expiratory  COo  performed,  hydro¬ 
cortisone  decreased  the  .specific  activity  of  the  expired  CO2  from  all  .sub¬ 
strates  (Table  2).  These  re.sults  are  not  too  surprising  because  the  fasted 


Table  2.  Effect  of  kydrocortlsone  on  specific  activity  of  HaCM),  following  intra- 

PERITONEAL  INJECTION  OF  SMALL  AMOUNTS  OF  VARIOUS  SUBSTRATES 


Compound 

Labeled 

Unlabcled 

Siiecific  activity* 

(-ontrols 

((/'ts./Min./mg. ) 

Hydrocortisone 
2.0  mg. 

.\cetate 

2.0  Mc.-1-C'< 

20.0  mg. 

190.0 

110.0 

Pvruvati' 

1  .0  M«-.-l-C‘i 

20.0  mg. 

22.9 

15.8 

Succinate 

1  .0  HC.-2-C'* 

30.0  mg. 

22.0 

14.5 

.\cetate 

1  .0  /x‘’.-2-C» 

30.0  mg. 

22.0 

16.3 

Pvruvate 

1  .0  ^c.-2-C'* 

20.0  mg. 

20.5 

16.6 

Glucose 

2.0  mc.-6-C'^ 

20.0  mg. 

42.5 

35.0 

Glucose 

2.0  nc.-O-C'* 

20.0  mg. 

51  .0 

32.5 

Butvric 

5.0  /ac.-l-C» 

20.0  mg. 

22.0 

17.5 

Butvric 

5.0  M<-.-l-C'* 

20.0  mg. 

34.1 

25.0 

Glucose 

2.0  fio.-l-C'* 

20.0  mg. 

65.1 

53.0 

*  Mean  of  5  rats/point. 

Hydrocortisone  was  administered  S.C.  2  hrs.  before  intraperitoneal  injection  of  various 
substrates.  JO2  was  collected  for  5  hrs.,  following  the  injection  of  substrates;  total  elapsed 
time:  7  hrs. 
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Table  3.  Kfkect  of  hvdrocortisoxe  on  total  COj  prodhtion 

OF  ADREXALECTOMIZEl)  FASTED  RATS 


Treatment 

Xo.  animals 

BaCOj*  mg. 

Percent  increase** 

Xone 

45 

11,081 

_ 

Hvdrocortisone, 

2  mg.  (SC) 

45 

13,381 

20.8 

*  Appropriate  aliquots  were  taken  at  the  end  of  a  5  hr.  collection  period,  weifjhed  and 
corrected  to  total  volume,  i.e,.  COs  collections  were  made  during  a  5  hr.  period  in  100  ml.  of 
4X  XaOH  (COo-free)  for  each  rat.  .\liquots  were  precipitated  with  BaCOj  and  weighed. 

**  Increases  shown  here  varied  from  15-41%  above  normal,  never  the  same  or  below 
normal. 


adrenalectomized  rat  treated  witli  liydrocortisone  e.xpire.s  more  CO2  than 
untreated  animals  (Table  3). 

Attention  was  then  directed  to  a  determination  of  the  effects  of  hydro- 
corti.sone  on  the  rate  of  oxidation  of  various  substrates  when  administered 
in  large  amounts.  Figure  18  shows  the  effect  of  hydrocortisone  on  the  oxida¬ 
tion  of  palmitate-l-C-14  injected  in  an  intravenous  fat  preparation  (Lipo- 
mul  I.V. — o  ml.  rat).  In  the  presence  of  steroid,  the  rate  of  oxidation  of 
palmitate-l-C-14  was  .significantly  increased. 

When  glucose  or  ghcerol  was  injected  in  large  amounts  (300-500 
mg.  rat,  IP)  to  fasted  adrenalectomized  rats,  it  was  found  that  hydrocor¬ 
tisone  markedly  depressed  their  rate  of  conversion  to  expiratory  CO2  (Fig. 
19).  These  ob.servations  are  also  true  for  fasted  intact,  as  well  as  fed, 
adrenalectomized  rats  (unpublished  experiments).  The  increa.ses  in  CO2 
production  after  hydrocorti.sone  injection  (Table  3)  are  not  observed  when 


100  q 

z 

UJ 

o 

8  HYDRO- 

7^  80-  CORTISONE 


SPECIFIC  ACTIVITY  OF 
LIVER  GLYCOGEN  AT 
5  HOURS 


Fig.  18.  F.ffect  of  hydrocortisone  on  rate  of  fat  oxidation  and  its  incorporation  into 
liver  glycogen. 

Conditions:  5.0  ml.  Lipomul  via  tail  vein  (1,980,400  dpm '5  ml.)  5  rats  per  point. 
Total  barium  carbonate  collected  at  5  hrs.:  controls  1 1.47  gm.,  hydrocortisone  10.17  gm. 


March,  1961  HYDROCORTISONE  AND  INTERMEDIARY  METABOLISM  .199 


Fig.  19.  Effect  of  hydrocortisone  on 
rate  of  ulufosc  and  sl.vccrol  oxidation  in 
fasted  adrenaleetoniized  rats. 

Conditions:  Each  rat  reecdved:  ■)()()  ing. 
f;lueo.se  +  2.0 /ae.  glneose-l-C'^  (IB)  or  :I00 
mg.  glyoer()l+2.()  jue.  glycerol-!  ,3-C'^  (I B). 
hydrocortisone  2.0  mg.  per  O.o  ml.  (SC). 
Each  point  is  the  mean  of  duplicate  deter¬ 
minations.  Total  barium  carbonate  at  5 
hrs.:  .\)  Glucose-treated  Group:  hydrocor¬ 
tisone  12.875  gm.,  controls  12.175  gm., 
B)  Glycerol-treated  Grouj):  hydrocortisone 
9.710  gm.,  controls  9.000  gm. 


TIME  hours 


large  amounts  of  glucose  are  also  administered  (Fig.  19)  because  they  are 
obscured  by  the  increased  output  of  the  controls. 

Hydrocortisone  had  very  little  influence  on  the  rate  of  oxidation  of  the 
amino  acids,  OL-proline  and  DL-alanine,  when  they  were  injected  intrave¬ 
nously  in  a  10%  amino  acid  mixture  (Fig.  20). 

Hydrocortisone  injection  had  equivocal  effects  on  the  rate  of  oxidation 
of  pyruvate  and  acetate  (Figs.  21,  22).  Moreover,  following  the  intraperi- 
toneal  administration  of  pyruvate,  blood  levels  of  this  material  were 
significanth'  higher  in  the  hydrocortisone-treated  rat  (Table  4). 

Changes  in  HQ  revealed  that,  in  the  presence  of  a  total  carbohydrate 
diet,  hydrocortisone  did  not  cause  the  decrease  that  would  be  expected  if  it 
were  causing  a  decrea.se  in  the  oxidation  of  carbohydrates  and  an  increase 


^  HYDRO- 

^  rnOTlCAMr 


TIME  :  HOURS  liver  GLYCOGEN  AT 

5  HOURS 


Fig.  20.  Effect  of  hydrocortisone  on  amino  acid  oxidation. 

Conditions:  Each  rat  received  2.0  ml.  10%  amino  acid  mixture  containing  1.0  m<‘- 
i)i.-alanine-2-C'^  and  1 .0  /xc.  DL-proline-l-C*''  IV ;  5  rats  per  point.  Total  barium  carbonate 
at  5  hrs.:  hydrocortisone  11.23  gm.,  controls  9.13  gm. 
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Table  4.  Effect  of  hydrocortisone  ox  plasma  levels  of  pyruvate  after  ixtra- 

PERITONEAL  INJECTION  OF  SODIUM  PYRUVATE  TO  FASTED  ADRENALECTOMIZED  RATS 


Treat  ment 

No.  of  animals 

Mg-  %  pyruvate 

None 

lU 

1 .94+,  -0.4 

Hydrocortisone 

10 

2.77+,  -0.2 

Hydrocortisone  was  injected  subcutaneously  at  8  a.m.,  pyruvate  (100  mg.  IP)  at  10  a.m., 
blood  removed  at  3  p..m. 


in  the  oxidation  of  fat  (Table  o).  These  re.sult.s  suggest  that  the  effect  of 
liydrocortisone  on  fat  and  glucose  oxidation  is  subtle  and  re-emphasize  tlie 
well-known  observation  that  changes  in  HQ  are  subject  to  extremely 
limited  interpretations. 

These  data  are  interpreted  to  mean  that  hydrocortisone  markedly 
inhibits  the  oxidation  of  administered  glucose,  increases  the  oxidation  of 
fat,  and  has  no  effect  on  the  rate  of  oxidation  of  amino  acids  shortly'  after 
injection  to  adrenalectomized  rats.  Analyses  of  the  two  figures  (Figs.  18, 
19)  in  which  fat  and  glucose  oxidation  were  studied  reveals  that  changes  in 
glucose  oxidation  occur  earlier  and  are  more  marked  than  those  shown  for 
the  oxidation  of  fat.  The.se  data  support  those  discu.ssed  previously  wherein 
it  was  shown  that  hydrocortisone  initially  influences  the  disposition  or 
metabolism  of  glucose. 

Since  lactate  levels  rise  on  blood  shortly  after  injection  of  hydrocortisone 
and  .since  injection  of  lactate  alone  leads  to  an  increase  in  net  synthesis  of 
glycogen,  we  concludetl  that  hydrocortisone  influences  the  metabolism  of 
gluco.se  at  some  level  in  which  pyruvate  or  lactate  play  a  predominant  role. 
This  conclusion  is  further  supported  by  observations  which  show  that, 
after  injection  of  pyruvate,  blood  levels  are  higher  in  hydrocortisone 
treated  animals.  On  the  other  hand,  the  decrea.se  in  pyruvate  oxidation 
after  hydrocortisone  injection  is  not  as  great  as  one  would  predict  from  an 
analy.sis  of  its  effects  on  gluco.se  metabolism. 


Fig.  21.  Effect  of  hydrocortisone  on 
rate  of  oxidation  of  pj-ruvate. 

Conditions:  2.0  mg.  hydrocortisone  at 
8  A.M.  (SC);  40.0  mg.  pyruvate  containing 
1.0 ^c.  pyruvate-l-C'^and  1.0 /ac.  pyruvate- 
2-C‘^  at  10  A.M.  (IP);  200  mg.  glucose  at 
10  A.M.  (IP).  CO2  collections  started  at  10 
A.M.;  5  rats  per  point. 
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Table  5.  Effect  of  hydrocoktisone  ox  resimkatohy  guoTiEXTs 

OF  ADREXALECTOMIZEl)  RATS 


Treatment 

No.  of  animals 

Gxygeii  uj)take 
grams/rat 

C'(  )-2-output 
grams/rat 

R()/rat 

.\.  None 

4 

1  .2(14 

1  .317 

.  75 

Hydrocortisone 

4 

1.724 

1  .740 

.74 

B.  None 

4 

1.3t)3 

1  .713 

.98 

Hydrocortisone 

4 

1  . 2!>3 

1  .039 

.93 

Colulitioiis: 

Oroup  A.  Received  a  total  carbohydrate  diet  (dextrin rsiicrose,  2:1)  for  2  days  prior  to 
exjjerinieiit.  Controls  ate  118  gni.;  hydrocortisone-treated  ate  153  gin.  Food  was  removed 
at  8  A..M.  and  animals  received  2.0  mg.  of  hydrocortisone:  they  had  also  received  -J.O  mtj.  12 
hrs.  before.  Animals  were  placed  in  plastic  metabolism  cages  at  10  a.m.  and  tin*  aliove  data 
obtained  during  the  next  4  hrs. 

Group  B.  Same  as  Group  \  except  animals  also  received  1  gm.  of  sucrose  orally  at  8  a.m. 
Respiratory  quotients  were  obtained  by  modifications  of  previously  described  methods  (57) 

These  conclusions  are  further  supported  by  observations  which  show 
that  hydrocortisone  increases  the  rate  of  incorporation  of  a  wide  variety  of 
labeled  substrates  into  liver  glycogen.  It  would  be  expected  that  any  sub¬ 
stance  which  exchanges  with,  or  is  transmuted  to,  pyruvate  would  lead  to 
observations  of  this  type.  These  results  do  not  mean  that  “gluconeogene- 
sis”  has  occurred  from  all  of  these  substrates  but  merely  that  has  been 


Fig.  22.  Effect  of  hydrocortisone  on  oxidation  of  acetate. 

Conditions:  2.0  mg.  hydrocortisone  at  8  a..m.  (SC);  40.0  mg.  sodium  acetate  (IP  or 
IV)  at  10  A.M.  (start  of  experiment).  Sodium  acetate  contained:  1.0  pc.  acetate-l-C'^. 
-|-1.0  pc.  acetate-2-C'^  5  rats  per  point.  Total  barium  carbonate  at  5  hrs.: 


Acetate  (IV') 
Acetate  (IP) 


Controls 

9.91  gm. 
9.26  gm. 


Hydrocortisone 

11.7  gm. 
10.9  gm. 
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Fig.  23.  Liver  glycogen:  response  to  1.0 
niK.  hydrocortisone  by  various  routes  of 
administration. 


incorporated  into  liver  glycogen  in  respon.se  to  steroid  injection. 

Observations  which  show  that  CO2  production  increases  after  the  injec¬ 
tion  of  hydrocortisone  may  have  led  to  the  belief  that  this  steroid  produces 
an  increa.se  in  oxidative  capacity  of  adrenalectomized  inimals.  This  inter¬ 
pretation  is  correct  for  the  fasted  adrenalectomized  rat,  but  injection  of 
gluco.se  completely  eliminates  this  difference  in  CO2  production  at  a  time 
when  hydrocortisone  markedly  inhibits  the  oxidation  of  this  substrate.  If 
hydrocortisone  is  primarily  involved  with  the  metabolism  of  glucose, 
injection  of  this  substrate  might  be  expected  to  counteract  .some  of  its 
effects.  It  has  also  been  shown  by  Engle  (22)  that  the  effects  of  adrenocor¬ 
tical  steroids  on  amino  acid  metabolism  are  prevented  by  the  administra¬ 
tion  of  gluco.se.  Additional  .studies  have  shown  that  lipid  mobilization  to 
the  liver  in  respon.se  to  adrenal  activation  is  prevented  by  the  injection  of 
gluco.se  (42).  It  is  our  belief  that  the.se  data  are  consistent  with  the  hypoth¬ 
esis  that  hydrocortisone  influences  the  metabolism  of  gluco.se  and  that  its 
other  effects  may  be  secondarily  related  to  this  primary  event. 

0.  Studies  Concerning  the  Probable  Site  of  Action  of  Hydrocortisone 

That  the  ubiquitous  effects  of  hydrocortisone  on  intermediary  metabo¬ 
lism  may  be  a  primary  reflection  of  a  so-called  “peripheral”  action  can  be 
inferred  from  an  examination  of  Figures  2.3  and  24.  Subcutaneous  adminis¬ 
tration  of  hydrocorti.sone  results  in  far  greater  ghcogenic  effects  than 
saphenous  or  portal-venous  admini.st ration  (Fig.  23).  Hydrocortisone 
(1  mg.)  was  ineffective  when  injected  via  the  portal  vein  (Figs.  23,  24). 


Fig.  24.  Liver  glycogen  response  to 
portal-venous  hydrocortisone  administra¬ 
tion. 

Conditions:  1.0  mg.  hydrocortisone  per 
ml.  5%  ethanol,  0.25  M  sucrose.  5  rats  i)er 
point. 
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Fig.  25.  Livor  {jlycoson  di'iiositioii  after 
liydroeortisone  hemisiiecinate  administra¬ 
tion  via  different  routes. 

('onditions:  Livers  removed  7  lirs.  after 
injeetion;  4  rats  per  point. 


The  amount  of  hydrocortisone  hcmisuccinate  necessary  to  produce  a 
frlycogenic  effect  via  the  portal  vein  was  determined  (Fig.  25).  Once  this 
was  determined,  the  liepatic  venous  blood  was  extracted  (Fig.  20)  after 
prior  injection  of  Ki  mg.  of  hydrocortisone  hemisiiecinate  by  this  route. 
The  dry  residue  was  chromatographed,  dried,  and  redissolved  in  hot 
ethanol.  This  extract  was  diluted  with  0.25  .M  sucrose  and  reinjected  via 
the  saphenous  and  portal  veins.  It  was  found  that  the  amount  of  steroid 
removed  from  the  hepatic  vein  gave  an  equivalent  response  to  that  which 
one  may  have  expected  from  saphenous  vein  administration  of  this  amount 
of  steroid:  portal-venous  injection  was  ineffective  (Fig.  27).  These  results 
suggest  that  it  is  the  amount  of  steroid  ichieh  eseapes  from  the  liver,  not  the 
amount  entering  it,  u'hieh  determines  the  effects  of  hydroeortisone  on  earhohy- 
drate  metabolism. 

It  became  of  interest  to  determine  if,  in  the  pre.sence  of  tritiated  water, 
the  administration  of  large  amounts  of  glucose  would  effectively  dilute  the 
amount  of  tritium  incorporated  into  liver  glycogen.  If  it  is  true  that  hydro¬ 
cortisone  inhibits  the  metabolism  of  glucose,  and  if  the  observed  inhibition 
occurs  at  some  level  of  metabolism  where  glucose  metabolites  exchange 
with  hydrogen,  one  would  expect  equal  amounts  of  tritium  to  be  incorpo¬ 
rated  into  liver  glycogen  when  hydrocortisone  is  adminsitered  atone  or  when 
it  is  admini.stered  with  gluco.se.  Fxamination  of  Table  (i  reveals  that  this  is 


MILLIGRAMS  ADMINISTERED  VIA  PORTAL -VEIN 


Fig.  2H.  Rccown-  of  liydrocortisoiu' 
from  hejjatif  vein. 
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Fig.  27.  Glycogonic  activity  of  steroid 
extracts  from  hepatic  vein  following  portal- 
venous  administration  of  10  mg.  hydro¬ 
cortisone  hemisuccinate. 

('onditions:  1.0  ml.  ethyl  acetate :chlo- 
roform  extract  =  1  rat;  all  rats  laparoto- 
mized;  o  rats  per  bar. 


tlie  case.  Altliough  more  glycogen  occurred  in  the  livers  of  animals  treated 
with  both  hydrocorti.sone  and  glucose,  the  specific  activity  of  the  purified 
material  was  essentially  the  same.  Liver  glycogen  from  animals  treated 
with  gluco.se  alone  had  a  lower  specific  activity  than  that  from  either  ani¬ 
mals  treated  with  hydrocortisone  or  tho.se  treated  with  hydrocortisone  and 
gluco.se.  These  results  might  mean  that  the  fasted  adrenalectomized  rat 
can  make  liver  glycogen  from  glucose  directly  when  it  is  admini.stered  in 
sufficient  amount,  but  the  additional  increment  in  glycogen  .synthesis  after 
hydrocorti.sone  injection  is  due  to  a  different  effect  than  that  of  merely 
increasing  glycogen  .synthesis  directly  from  gluco.se.  Another  interpretation 
is  that  hydrocorti.sone  inhibits  the  metabolism  of  glucose  at  some  level  at 
which,  or  below  which,  ghico.se  metabolites  accept  hydrogen. 

That  this  latter  possibility  may  indeed  be  the  case  was  shown  when 
butyrate-l-C\  i)L-alanine-l-C‘^  pyruvate-l-C'\  acetate-l-C'^  and  glu- 
co.se-l-C'^  were  admini.stered  (Table  7).  It  will  be  noted  that  incorporation 


TaBI.K  ti.  I'.FKKCT  OF  HYDHOCOKTISOXE  OX  THE  I N«-ORI*OKATIO\  OF  TRITIVM  INTO 
LIVER  OLYCOCEX  OF  THE  FA.STEI)  AHREXAI.ECTO.MIZEI)  RAT 


Compound 

.\mount  injected 

Boute 

mg.  ( ilycogen  /liver 

l)P.M/mg. 

glycogen 

.\.  Tritiated  Water 

20  nc  (1  me.) 

IP 

0  (  0  ) 

0  (  0  ) 

H.  Tritiati'd  Water 

20  /xc  (1  me.) 

IF  i 

+ 

+ 

+ 

Hydrocortisone 

1  2  mg.  (2  mg.) 

SC 

100.7  (  30.7) 

1.17  (‘243.0) 

('.  Tritiated  Water 

i  20  fic  (1  me.) 

IP 

1  + 

+ 

(ihicose 

1  1  gram  (1  gram) 

Oral 

110.2(  44.1) 

0..T0  (1 10.0) 

1).  H+C 

1  B+C 

B+C 

318.8  (112.2) 

1  .30  (2.58.0) 

Five  rat.s  per  point,  duplicate  determination.s.  Xumhers  in  jiarentheses  rejiresent  repeat 
experiments  in  which  1  me.  of  tritiated  water,  rather  than  20  liC.,  was  injected.  Tritiated 
water  injecti'd  in  1  ml.  saline  at  8  a.m.,  glucose  and  hydrocortisone  at  10  a..m.,  livers  removed 
at  3  P.M.  Tritiated  water  is  ‘‘toxic”  to  these  rats  at  the  higher  dose  levels,  since  it  aiipeared 
to  have  a  glycogenolytic  effect. 

Note:  When  glycogen  was  isolated  from  KOH  digest,  it  was  washed  3  times  with  00% 
ethanol.  The  third  wash  did  not  contain  detectable  amounts  of  tritium.  Therefore,  all  iso¬ 
tope  analyses  presumably  represent  that  actuallj'  pre.sent  in  liver  g^-cogen. 
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Table  7.  Quantitative  comparison  of  the  conversion  of  labeled  substrates  into 

LIVER  glycogen  IN  THE  FASTED  ADREN ALECTOMIZED  RAT 
TREATED  WITH  HYDROCORTISONE 


ComiMHind 

.\mount  injected 

Liver  glycogen 

DPM /mg. 

%of 

total 

count 

niK-/ 

Liver 

gm. 

% 

Con¬ 

trols 

Hydro¬ 

cortisone 

Labeled 

P^nlalieled 

DL-.\lainne-l 

2,338,590  DPM 

20  mg. 

77 .5 

1  .68 

0 

996 

3.39 

Glucose- 1 

2,601,250  DPM 

20  mg. 

80.2 

1.78 

0 

2377 

7.37 

Pvruvate-l 

2,282,000  DPM 

20  mg. 

76.1 

1  .68 

0 

1100 

3.69 

Butvrate-l 

2,255,750  DPM 

20  mg. 

83.8 

1  .91 

0 

416 

1  ..54 

Acetate- 1 

2,477,500  DPM 

20  mg. 

65.3 

1  .47 

0 

315 

0.85 

Pvruvate-2 

1 ,320,700  DPM 

20  mg. 

81  .6 

1  .73 

0 

2336 

14.10 

Glucose-2 

1 ,477,375  DPM 

20  mg. 

82.9 

1  .88 

0 

2167 

12.00 

Five  rats  per  group,  .\iialyses  of  all  samples  in  duplicate.  Hydrocortisone  (2  mg.)  injected 
SC  at  8  A..M.  and  substrates  injected  in  2.0  ml.  water  at  10  a..m.  Livers  were  removed  and 
placed  in  30%  hot  KOH  at  3  p.m.  F)xperiments  in  which  j)yruvate-2  and  glucose-2  were  em¬ 
ployed  were  done  in  animals  receiving  only  these  2  substrates  alone;  the  others  received  a 
mixture  of  all  substrates  simultaneously.  The  only  variable  was  C‘^-labeled  substrate. 


of  glucose-l-C"  into  liver  glycogen  was  about  2  times  that  of  pyruvate  and 
i)L-alanine.  However,  considerable  incorporation  of  these  latter  substrates 
occurred.  Significantly  le.ss  isotope  was  incorporated  from  acetate  and 
butyrate.  In  the  same  table,  it  can  be  seen  that  pyruvate-2-C'^  was  incor¬ 
porated  into  liver  glycogen  to  the  same  extent  as  gluco.se-2-C'h  There  is 
ample  evidence  for  believing  that  pyruvate  may  be  rapidly  decarboxylated 
in  various  tissues  and  this  may  explain  why  a  difference  occurs  between  the 
incorporation  of  pyruvate-1 -C‘^  and  pyruvate-2-C*^.  At  any  rate,  the  com¬ 
parison  between  incorporation  of  glucose-2-C*^  and  pyruvate-2-C‘^  into 
liver  glycogen  suggests  that  hydrocortisone  may  influence  the  metabolism 
of  these  two  substrates  to  an  equal  extent. 

Examination  of  all  the  data  presented  in  the  foregoing  sections  has  led  to 
the  major  conclu.sion  that  hydrocortisone  inhibits  the  metabolism  of  glu¬ 
cose  at  a  point  other  than  that  of  entry  into  the  cell  and  that  many  other 
effects  of  hydrocortisone  are  related  to  this  primary  event.  The  observa¬ 
tions  shown  here  suggest  that  this  inhibitory  effect  occurs  at  the  pyruvate 
level  of  glucose  metabolism.  Insufficient  data  are  available  to  actually 
pinpoint  the  site  where  hydrocortisone  is  producing  its  effects  on  glucose 
metabolism. 

DISCUSSION 

Data  have  been  presented  at  one  time  or  another  a.scribing  the  actions  of 
the  adrenocortical  steroids  to  their  primary  effects  on  protein  synthesis, 
gluconeogenesis  from  2-  or  8-carbon  units,  the  conversion  of  glucose  itself  to 
glycogen,  as  well  as  the  reverse  of  these  processes  (44,  45,  46). 

These  data  have  led  to  the  widespread  belief,  or  interpretation,  that  the 
primary  effects  of  hydrocortisone  and  cortisone  a>e  concerned  with  protein 
mobilization,  amino  acid  incorporation  into  protein  and  fat  mobilization, 
and  that  other  consequences  of  steroid  action  may  follow  these  primary 


I 


406 


(JLKNN.  HOWMAX.  BAYKR  AXl)  MEYKU 


Vulunic  6S 


event!;!.  That  thi.s  may  not  nece.S!«:arily  be  the  case  has  been  shown  by  Ingle 
and  Thorn  (47).  They  were  able  to  correct  the  glucosuria  resulting  from 
.steroid  administration  with  insulin  but  were  unable  to  change  the  increased 
excretion  of  nitrogen  in  response  to  adrenal  steroids.  On  the  other  hand, 
Kngel  (22)  has  shown  that  protein  catabolism  in  response  to  adrenal  hor¬ 
mones  can  be  prevented  by  administration  of  glucose. 

Thorn  (1(5)  has  shown  a  fall  in  the  fasting  KQ  levels  of  a  patient  with 
.\ddison’s  disease  treated  with  corticosterone  or  cortisone.  We  have  not 
been  able  to  duplicate  these  findings  in  the  rat,  but  have  been  able  to  show 
that  hydrocortisone  definitely  inhibits  the  oxidation  of  glucose.  We  inter¬ 
pret  our  data  to  mean  that  the  effects  of  hydrocortisone  on  glucose  and  fat 
oxidation  are  not  great  enough  to  influence  the  KQ  when  the  animal  is 
predominately  oxidizing  carbohydrate. 

Lewis,  Kuhlman  el  al.  (48)  have  shown  that,  in  the  phlorizinized  adrenal- 
ectomized  rat  treated  with  lactate,  this  substrate  accounted  for  80%  of 
the  urinar}'  glucose  in  steroid-t rented  rats  and  in  the  untreated  group  it 
accounted  for  only  26%.  These  data  are  .similar  to  those  presented  here, 
i.e.,  that  hydrocortisone  markedly  influences  the  conversion  of  lactate  to 
glucose;  hence  to  glycogen. 

Our  studies  are  difficult  to  reconcile  with  those  obtained  by  Welt,  Stet- 
ten,  and  Ingle  (49)  which  demonstrated  a  7-fold  increase  in  gluconeogenesis 
of  rats  treated  with  cortisone  and  glucose-C*^.  These  same  authors  showed 
that  the  rate  of  oxidation  of  glucose  was  little  affected  and  that  most  of  the 
liver  glycogen  came  from  nonisotopic  precursors.  We  have  shown  that 
hydrocortisone  consi.stently  inhibits  the  oxidation  of  glucose  administered 
to  fasted  or  fed  adrenalectomized  rats  and  that  liv’er  glycogen  can  be  made 
to  reach  extremely  high  levels  when  glucose -f  hydrocortisone  is  adminis¬ 
tered.  It  is  our  contention  that  statements  which  refer  to  increased  gluco¬ 
neogenesis  and  the  conversion  of  noncarbohydrate  precursors  to  glycogen 
are  confusing.  The  conversion  of  lactate  to  glucose  or  glycogen  does  not 
necessarily  imply  gluconeogenesis,  especially  if  the  lactate  came  originally 
from  glucose.  This  merely  means  that  pathways  of  glucose  metabolism 
have  shifted;  not  that  glucose  synthesis  has  occurred  primarily  at  the 
expense  of  an  increase  in  net  conversion  of  other  substrates  to  glucose. 

Winternitz,  Dintnis  and  Long  (.50)  found  a  greater  loss  of  carbohydrate 
after  epinephrine  injection  to  adrenalectomized  rats  than  to  normal  rats. 
Lactate  infusion  likewise  resulted  in  greater  liver  glycogen  .synthesis  in  the 
intact  animal.  On  this  ba.sis,  these  authors  postulated  that  adrenal  steroids 
had  more  to  do  with  glucose  metabolism  than  a  mere  effect  on  gluconeo¬ 
genesis  and  that  possibly  the  hexose  monophosphate  shunt  was  involved  to 
account  for  their  ob.servations.  This  interpretation  is  not  necessarily  cor¬ 
rect,  since  adrenalectomized  animals  which  are  not  treated  with  adrenal 
.'^teriods  oxidize  glucose  to  C()2  at  a  faster  rate  than  those  treated  with 
hydrocortisone.  Therefore,  if  this  were  the  case  in  the  studies  of  Winternitz 
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et  (iL,  less  lactate  or  other  inlucose  metabolites  would  become  available  in 
the  adrenalectomized  animals  for  glucose  formation  in  the  liver  and  more 
would  be  expired  as  CO.. 

Our  observations  that  hydrocortisone  increases  slightly  the  blood  levels 
of  lactate  after  its  injection  in  fasted  adrenalectomized  rats,  and  that 
administration  of  pyruvate  to  steroid-treated  rats  leads  to  increased  blood 
levels,  are  similar  to  those  obtained  by  Frawley  (51)  on  patients  with 
hyperadrenalcorticism.  This  author  showed  that  these  patients  responded 
to  an  increased  glucose  load  by  markedly  elevated  blood  levels  of  pyruvate 
and  lactate.  These  data  suggest  that  adrenal  steroids  do  markedly  influence 
the  disposition  and  subsequent  oxidation  of  pyruvate.  The  consequences  of 
such  an  effect  would  be  to  increase  glucose  synthesis  in  liver,  eventually 
lead  to  increased  glucose  excretion  in  urine,  cause  protein  breakdown  to 
occur  secondarily,  and  probably  lead  to  secondary  changes  in  fat  metabo¬ 
lism.  Studies  at  the  cellular  level  must  be  completed  to  determine  the 
effects  of  steroid  addition  on  the  metabolism  of  all  these  substrates  (fats, 
amino  acids,  pyruvate  and  glucose)  simultaneouslu. 

The  present  studies  suggest  that  hydrocortisone  acts  primarily  on  “pe¬ 
ripheral”  tissues,  but  do  not  completely  rule  out  the  possibility  that  hydro¬ 
cortisone  affects  the  liver  directly.  Russell  (.52)  has  shown  that  adrenal 
cortical  extract  inhibits  the  utilization  of  carbohydrate  in  the  eviscerated 
rat.  Her  data  suggest  that  the  adrenal  steroids  can  act  in  the  absence  of  a 
continuous  supply  of  insulin.  We  have  also  interpreted  our  data  as  being  a 
reflection  of  an  effect  of  hydrocortisone  on  glucose  metabolism  in  “pe¬ 
ripheral”  tissues  and  independent  of  its  effects  on  cellular  permeal)ility  or 
glucose  transport.  Both  muscle  glycogen  analyses  and  the  incorporation  of 
tritium  from  body  water  into  glucose  after  steroid  administration  partly 
support  this  interpretation. 

Cahill  ct  al.  (58)  have  postulated  that  the  adrenal  steroids  affect  glucose 
metabolism  in  the  liver  at  some  level  below  that  of  glucose-fi-phosphate. 
Data  presented  here  suggest  that  this  effect  may  occur  below  the  level  of 
glyceraldehyde-8-phosphate  or  that  this  effect  may  occur  in  the  pentose 
shunt.  The  specific  activity  of  liver  glycogen  after  the  administration  of 
glucose  and  tritiated  water  in  the  presence  of  hydrocortisone  suggests  that 
these  effects  probably  occur  at  some  level  where  the  metabolites  of  glucose 
exchange  or  accept  hydrogen  from  the  reduced  pyridine  nucleotides.  Our 
data  also  indirectly  suggest  that  the  metabolic  effects  of  hydrocortisone  are 
not  exerted  primarily  on  the  oxidative  cycle  or  at  the  oxidative  level  of 
glucose  metabolism. 

Experiments  by  Blecher  (54)  on  lymphosarcoma  cells  suggest  that 
cortisone  inhibits  anerobic  glucose  utilization  at  the  level  of  glucose-b- 
phosphate  but  not  at  the  fructose  diphosphate  level.  These  same  authors 
showed  that  steroids  which  are  not  lymphocytolytic  in  vivo  and  which 
have  opposite  effects  to  liydrocortisone  on  protein  metabolism  (17a-ethyl- 
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19-nortestosterone)  have  the  same  effects  in  their  sj'stem.  Clearly,  then, 
much  remains  to  be  done  in  this  area  to  determine  the  meaning  of  the  lack 
of  specificity  of  these  results. 

It  is  of  considerable  interest  that  the  studies  of  Ingle  (14)  revealed  that 
ACTII-treated  rats  fed  a  high  fat  diet  excreted  more  nitrogen  in  the  urine 
than  rats  fed  a  high  protein  diet.  I'urthermore,  only  animals  treated  with  a 
high  carbohydrate  diet  developed  steroid  diabetes.  If  the  adrenal  steroids 
were  primarily  concerned  with  the  oxidation  of  fat  or  the  increased  conver¬ 
sion  of  protein  to  carbohydrate,  rats  on  a  high  fat  or  high  protein  diet 
should  have  developed  steroid  diabetes.  Kvans  (29)  has  shown  that  the 
deamination  of  OL-alanine  proceeded  at  a  normal  rate  in  the  adrenalecto- 
mized  animal.  These  data  must  be  interpreted  to  mean  that  adrenal  steroids 
do  not  primarily  affect  the  rate  of  conversion  of  amino  acids  to  carbohy¬ 
drate,  if  at  all.  In  addition.  Wells  and  Kendall  (4.4)  have  shown  that  the 
adrenalectomized-phlorizinized  animal  has  no  apparent  defect  in  its  ability 
to  form  glucose  from  protein. 

In  the  studies  by  Stetten  (oo)  it  was  shown  that  f  of  the  urinary  glucose 
in  the  phlorizinized  rat  derived  from  dietary  carbohydrate.  Ingle,  as  we 
have  discussed  previously,  later  showed  that  oidy  animals  on  a  high  carbo¬ 
hydrate  (liet  developed  overt  steroid  diabetes.  These  studies  suggest  that 
the  primary  influence  of  steroids  may  not  be  concerned  with  gluconeogene- 
sis  per  se,  but  may  be  primarily  concerned  with  the  rate  of  disposition  and 
oxidation  of  the  available  glucose  derived  from  all  sources. 

One  of  the  primary  problems  in  this  area  is  concerned  with  the  probable 
relationship  between  the  metabolic  effects  of  hydrocortisone  and  its  effects 
on  inflammation  and  tumor  growth. 

That  hydrocortisone  possesses  the  ability  to  affect  “peripheral”  tissues 
has  been  demonstrated  on  numerous  occasions  by  the  direct  application  of 
this  steroid  to  inflamed  areas  with  the  production  of  anti-inflammatory 
effects.  It  has  also  been  shown  by  (Jlenn  et  al.  (.56)  that  steroids  such  as 
progesterone  and  Compound  S  possess  local  activity  without  .systemic 
anti-inflammatory  effects.  Steroids  of  the  C-19  series  (testosterone,  17- 
methyltestosterone  and  related  compounds,  as  well  as  known  metabolites 
of  hydrocortisone)  do  not  produce  anti-flammatory  effects  when  applied 
locally  ((ilenn,  unpublished  data).  Clearly,  then,  when  in  vitro  studies 
propose  to  explain  the  mechanism  of  action  of  steroids  at  the  enzyme  level, 
some  consideration  must  be  given  to  these  observations  since  a  relatively 
high  degree  of  specificity  exists  at  the  organized  tissue  level. 
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ABSTRACT 

Tho  urinary  ketonic  estrogens  were  studied  at  montldy  intervals  in  five 
pregnant  mares.  Estrone  and  eqnilin  appear  to  he  the  principal  components 
and  equilenin  a  minor  constituent  of  the  mares’  estrogens.  The  levels  of 
cfiuilin  rise  from  the  4-5th  months  to  equal  and  in  some  instances  exceed  those 
of  estrone  in  the  late  months  of  pregnancy.  .\  i)artition  chromatographic 
method  for  the  .separation  of  the  ketonic  phenolic  steroids  of  pregnant  mares’ 
urine  is  described. 

IN  THE  early  studies  of  mares’  pregnancy  urines,  Girard  and  associates 
(1,  2)  observed  that  the  Ring  B  unsaturated  estrogens,  equilin  and 
eiiuilenin,  relative  to  the  total  estrogen  titers,  increased  in  the  latter 
months  of  pregnancy,  at  a  time  when  the  total  estrogen  content  of  the 
urine  diminished  (3,  4).  Prompted  by  the  renewed  interest  in  the  biological 
origins  and  interrelationships  of  these  unsaturated  estrogens  (5,  (i,  7),  and 
utilizing  more  refined  analytical  techniques  (8),  we  have  re-investigated 
this  problem  in  several  individual  mares  from  the  5th  month  of  pregnancy 
to  its  termination. 

METHODS 

Selection  of  Animals  and  Urine  Collections.  Thoroughbred,  Quurterhorse  and  hybrid 
mares  were  initially  studied  in  the  4th  and  5th  month  after  bn'cding  in  order  to  s(‘lect 
those  individuals  secreting  adequate  amounts  of  urinary  estrogens.  Many  mares  ex¬ 
creted  estrogen  at  very  low  levels,  20  mg.  per  day  and  less.  Five  mares  were  ,select(‘d 
for  the  study;  mares  1  and  2  were  Quarterhonses,  mares  3-5  were  Thoroughbreds.  Mares 
1-4  were  the  property  of  a  private  stable  and  were  kept  in  pasture  land  during  the  day¬ 
time  in  winter,  and  at  night  during  the  summer  heat;  otherwise  the  animals  were  brought 
to  the  barns  where  they  were  allowed  water  ad  libitum  at  night  in  wintertime  and  during 
the  day  in  summer.  Urine  was  collected  from  the  marcs  only  while  they  were  indoors  in 
iinlividual  stalls.  One  such  8-  to  12-hour  urine  collection  was  made  from  each  mare  at 
approximately  the  same  time  each  month  during  the  period  of  study.  The  estrogen 
titers,  even  on  a  12-hour  basis,  were  quite  variable  and  in  a  few  instances  where  com¬ 
plete  24-hour  collections  were  made  (mare  5),  the  estrogen  excretion  appeared  to  vary  as 
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the  volume  of  urine.  The  estrogen  values  on  each  urine  collection,  listed  in  Table  1,  are 
therefore  given  in  mg.  per  liter  of  urine. 

Preparation  of  Estrogen  Fraction.  Treatment  of  the  indiviflual  urines  was  as  previ¬ 
ously  described  (7)  and  consisted  of  acidification  to  pH  1.0  with  hydrochloric  acid,  ex¬ 
traction  of  the  lipides  with  toluene  during  0.5  and  2.5  hours  of  refluxing.  The  combined 
extracts  were  shaken  with  10  per  cent  sodium  carbonate  and  X  sodium  hydroxide;  the 
sodium  carbonate  extracts  (containing  acidic  material)  and  the  final  toluene  layers  (con¬ 
taining  the  neutral  substances)  were  not  studied.  The  sodium  hydroxide  extracts  were 
adjusted  to  pH  8-9  and  extracted  several  times  with  ether  to  provide  the  crude  phenolic 
fractions.  The  oily  phenolic  fractions  were  steam-distilled  to  remove  non-estrogenie, 
volatile  phenolic  compounds,  and  the  non-volatile  portion  from  each  urine  specimen 
was  separated  into  ketonic  and  non-ketonic  fractions  with  Girard’s  reagent  T. 

Chromatography  of  Ketonic  Phenols.  The  chromatographic  method  of  Haenni,  Carol 
and  Banes  (8)  for  the  non-ketonic  estrogens  of  pregnant  mares’  urine,  was  modified  to 
effect  an  adequate  separation  of  estrone,  equilin  and  equilenin.  Cclite  (Johns-Manville 


Table  1.  Composition  of  ketonic  estrogen  fraction  of  mares’ 

URINE  DURING  PREGNANCY 


Mare' 

no. 

Month  of 
pregnancy 

Weeks  before 
foaling 

Urinary 
estrogen 
per  liter 
mg.’ 

Estrone 

% 

Equilin 

and 

artefact.s* 

% 

Equilenin 

% 

1 

4 

25 

4.9 

93 

tr. 

tr. 

5 

21 

31.7 

85 

9 

tr. 

(i 

17 

34.2 

73 

16 

6 

7 

13 

43.7 

49 

38 

8 

8 

9 

13.2 

— 

— 

. — 

9 

4* 

11.4 

47 

36 

11 

2 

() 

21 

50.8 

60 

28 

7 

7 

18 

71 .6 

46 

41 

8 

8 

14 

29.1 

49 

31 

15 

it 

10 

24.3 

36 

51 

9 

10 

f) 

13.5 

29 

53 

13 

1  1 

2 

7.9 

— 

— 

— 

3 

5 

25 

44.8 

85 

4 

6 

0 

21 

17.4 

68 

22 

n 

7 

17 

32.9 

55 

33 

8 

8 

13 

45.5 

45 

42 

8 

9 

9 

25.8 

39 

48 

8 

10 

5 

17.0 

55 

33 

7 

1 1 

1 

5.8 

92 

tr. 

2 

4 

5 

27 

75.5 

88 

6 

1 

0 

23 

111.3 

64 

26 

5 

7 

19 

53.7 

41 

43 

11 

8 

15 

41.7 

37 

46 

12 

9 

10 

42.4 

40 

48 

7 

10 

5 

53.2 

— 

— 

— 

5 

9 

9 

67.8 

33 

56 

6 

10 

6 

69.2 

37 

49 

9 

11 

2 

43.0 

32 

58 

5 

‘  Mares  1-4  were  the  property  of  the  Spring  Hill  Farm  stables;  mares  \os.  1  and  2  were 
Quarterhorse  mares,  Switchy-Mae  and  Cherry!  Star,  bred  to  Quiet  Man,  1958;  mares  Nos. 
3  and  4  were  the  Thoroughbreds,  Menim  and  Plum  Blossom,  bred  to  Doctor  Stanley,  1958. 

*  .\mounts  of  transformation  products  of  equilin  (see  text)  added. 

*  Total  estrogen  determined  by  modified  Kober  test  (for  details,  see  text). 

*  Mare  foaled  one  month  prematurely. 
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Xo.  545),  wafihod  according  to  Bauld  (9),  and  IX  sodium  hydroxide  (31.5  n.  and  30  ml., 
respectively)  were  ground  together  in  a  mortar  under  ligroin-benzene  (1:1  by  volume). 
The  impregnated  ('elite  was  transferred  to  a  glass  eolumn  (l.S  em.  i.d.)  in  small  por¬ 
tions  and  packed  as  directed  (9)  to  a  heiglit  of  31-33  em.  I'niformity  was  <letermined 
by  the  use  of  Sudan  Red;  the  flow-rate  was  usually  approximately  1.5  ml.  per  minute  for 
columns  of  these  dimensions. 

The  ketonie  phenolic  fraction  was  transferred  to  the  column  in  ligroin:  benzene 
(1 :1)  and  developed  in  that  solvent.  Fractions  (15  ml.)  were  collected  on  an  automatic 
collector  and  alternate  tubes  were  evaporated  to  dryness.  Freed  of  benzene,  the  residues 
were  dissolved  in  5.0  ml.  of  freshly  distilled  methanol  and  examined  in  an  ultravioh't- 
spectrophotometer  in  the  range  350-220  m#i;  weight  of  estrogen  jaw  tube  was  calculated 
from  the  intensity  of  the  peak  at  280  in/a  (10).  When  the  zones  of  estrone  and  ecpiilin  had 
])assed  down  tlie  column,  (tubes  75  and  later)  the  solvent  was  changed  and  the  develop¬ 
ment  continued  with  benzene  until  the  zone  of  eciuilenin  had  betm  eluted  (tubes  120- 
130).  Little  or  no  additional  material  was  eluted  with  further  volumes  of  benzene.  The 
various  steroids  were  characterized  by  their  relative  positions  on  the  chromatograms, 
their  ultraviolet  absorjjtion  spectra  (10)  and  bj-  their  absori)tion  (700-220  mp)  in  sul¬ 
furic  acid  after  two  hours  at  room  temperature  (11). 

Variations  in  the  concentration  of  sodium  hydroxide,  the  nature  of  the  develoi)ing 
solvent  (hexane,  cyclohexane,  methyl  cyclohexane,  mixtures  of  the  above  with  toluene), 
(lid  not  improve  the  operation  of  the  column.  It  was  found  that  temperatures  above  25®  (' 
serioush’  impaired  the  resolution  of  the  components;  columns  were  therefore  run  in  the 
range  of  21-23°  C.  The  weight  of  estrogenic  material  (determined  by  Brown  modifica¬ 
tion  of  the  Kober  test  (12))  ai)plied  to  the  column,  ranged  from  20-25  mg.  of  total  estro¬ 
gen  (expressed  as  estrone);  the  critical  weight  beyond  which  resolution  was  impaired 
appeared  to  be  api)roximately  30  mg.  and  depended  upon  the  content  of  equilin  and 
equilenin,  whose  relative  ehromogenic  values  in  the  modified  Kober  test  an*  30  and 
17%,  respectively,  relative  to  that  of  estrone  (compare  ref.  13). 


RESULTS  AXI)  DISCUSSION 

The  results  of  the  study  of  the  components  of  the  estrogen  fraction  of  the 
monthly  urine  samples  collected  from  Mare  Xo.  3  are  illustrated  in  Figure 
1.  It  may  be  seen  that  an  adequate  separation  of  estrone  and  eijuilin  took 
place  on  the  chromatogram  columns,  the  peaks  being  separated  by  approx¬ 
imately  25-80  tubes  and  the  overlapping  of  the  two  zones  amounting  to  IR¬ 
IS  per  cent  of  the  total  weight  of  the  two  estrogens.  Equilenin,  on  the  other 
hand,  was  well  separated,  appearing  only  after  the  change  in  the  mobile 
phase  from  50  to  100%  benzene;  its  mobility  on  these  column  corresponded 
approximately  to  that  of  estradiol-1 7/3.  Two  additional  substances  ap¬ 
peared  in  many  of  these  chromatograms  and  were  discernible  by  their 
ultraviolet  absorption  maxima.  One  compound  was  seen  on  occasion  in  the 
tubes  immediately  following  the  equilin  zone  or  in  the  late  (or  trailing) 
tubes  of  that  zone;  the  substance  absorbed  maximally  at  274  myu  in  meth¬ 
anol  and  in  this  respect  resembled  8-dehydro-14-isoestrone  (14).  The 
second  substance  appeared  in  the  tubes  immediately  preceding  the  equile¬ 
nin  zone  and  is  shown  graphically  (Fig.  1)  as  the  “A®  E-1  zone”.  This 
substance  absorbed  maximally  at  263  m/u  in  methanol,  resembling  the 
spectrum  of  9-dehydro- 14-isoestrone  (14).  Both  compounds  are  artefacts. 
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formed  readily  from  equilin  (13, 14),  and  are  presumed  in  this  study  to  have 
been  formed  during  the  acid  treatment  of  the  urine.  In  the  calculation  of 
the  amounts  of  each  of  the  components  of  the  estrogen  fraction,  these 
artefacts  of  equilin  were  computed  on  the  basis  of  their  molecular  extinc¬ 
tion  (10)  and  the  weights  added  to  that  of  equilin. 

The  values  for  the  amounts  of  the  three  components  appearing  in  each 
urine  sample  from  the  five  mares  are  tabulated  in  Table  1,  where  the  pro¬ 
portions  of  each  are  expressed  as  percentage  by  weight  of  the  total  estro¬ 
gens  present  in  the  ketonic  fraction.  Traces  of  a  broad  spectrum  of  phenolic 
materials  appeared  in  the  early  and  late  areas  of  the  chromatograms;  these 
never  exceeded  5-0%  by  weight  of  the  ketonic  phenol  fraction. 

It  emerges  from  this  study  that  the  major  Ring  B  unsaturated  estrogen 
present  in  mare’s  urine  during  pregnancy  is  equilin.  Although  no  urine 
samples  were  collected  earlier  than  the  4th  month,  very  little  ecpnlin  ap¬ 
peared  to  be  present  in  the  urine  before  this  time;  this  corresponds  to  a 
period  when  the  total  estrogen  titer  of  the  urine  is  quite  low  and  in  absolute 
terms  reflects  the  very  low  overall  excretion  level  (3,  4).  Later,  as  the 
al)solute  levels  rise,  the  proportion  of  equilin  to  the  total  increases  to  a 
level  ecpial  to  that  of  estrone,  constituting  as  much  as  .o()%  of  the  total 
estrogen.  There  appears  to  be  a  significant  correlation  between  the  appear¬ 
ance  and  proportion  of  ecpiilin  (relative  to  the  total  estrogen  titer)  and  the 
stage  of  pregnancy,  a  relationship  which  no  doubt  reflects  a  change  in  the 
placental  metabolism  of  estrogen  in  the  mare.  The  plateau,  and  suggested 
decline  (Mares  1  and  3)  in  equilin  towards  the  end  of  pregnancy,  have  not 
been  previously  observed.  In  fact,  (Jirard  and  associates  (1,  2)  have  noted 
in  their  studies  on  pooled  mares’  urine,  that  the  proportion  of  equilin 
increased  as  pregnancy  advanced.  This  does  not  appear  to  have  been  true 
in  the  five  individual  mares  .studied  here. 

The  appearance  of  the  artefacts  with  absorption  maxima  at  2(53  and  274 
lu/u,  presumed  to  l)e  9-dehydro-  and  S-dehydro- 14-isoestrone,  respectively, 
is  not  unexpected  since  their  ready  formation  from  equilin  under  acidic 
conditions  has  previously  been  reported  (13,  14);  the  conditions  used  to 
hydrolyze  the  urinary  estrogen  conjugates  could  very  likely  facilitate  this 
transformation.  It  is  of  interest  that  the  formation  of  these  artefacts  also 
occurs  under  acid  conditions  at  room  temperature  under  solvolytic  condi¬ 
tions.  I'kiuilin,  on  the  other  hand,  heated  in  water  at  neutrality  (steam 
ilistillation),  did  not  give  rise  to  either  of  these  compounds  nor  to  ecpiilenin 
(l'd-.\ttar  and  Savard,  unpublished  data). 

Most  interesting  of  the  findings  is  the  lack  of  trend  to  the  relative  con¬ 
centrations  of  ecpiilenin.  Despite  reports  (1)  of  its  prominence  in  the  late 
months  of  pregnancy,  ecpiilenin  in  this  study  rarely  exceeded  12%  of  the 
total  estrogen  titer,  and  at  no  time  approached  the  levels  of  estrone  and 
(‘(piilin.  Furthermore,  there  appears  to  be  no  correaltion  between  its  con¬ 
centration  and  the  stage  of  pregnancy. 
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The.se  results  serve  to  establish,  on  the  basis  of  the  individual  mares 
studied,  that  estrone  and  equilin  are  the  principal  urinary  estrogens  of  the 
pregnant  mare;  equilenin  appears  to  be  a  minor  constituent,  at  least  under 
the  conditions  employed  in  this  work.  It  would  appear  that  as  gestation 
progre.sses  the  proportion  of  equilin  increa.ses  at  the  expense  of  estrone 
until  its  concentration  etpials,  and  in  some  cases  exceeds  that  of  estrone. 
However  in  a  single  sample  of  urine  obtained  6  days  prior  to  delivery 
(Mare  No.  3)  only  a  trace  of  e(niilin  was  pre.sent. 
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EFFECTS  PRODUCED  IN  RATS  BY  THE  ADMINISTRA¬ 
TION  OF  6a-METHYL-17a-HYDROXYPROGESTERONE 
ACETATE  FROM  BIRTH  TO  MATURITY 

J.  LOGOTHETOPOULOS,  B.  B.  SHARMA  and  J.  KRAICER 

The  Banting  and  Best  Department  of  Medical  Research,  Charles  //.  Best  Institute, 
University  of  Toronto,  Toronto,  Ontario,  Canada 

ABSTRACT 

()a-motliyl-17a-hydroxyprog('sterone  acetate  (6a-MAP)  was  injected  daily  to 
male  and  female  rats  from  the  first  postnatal  days  to  maturity.  The  degree 
of  atrophy  and  the  histological  change  in  the  adrenal  glands  and  in  the  gonads 
were  similar  to  those  reported  late  after  hypophysectomy.  The  morphological 
and  functional  recovery  of  these  glands  was  extremely  slow  after  the  cessation 
of  the  injections.  The  underdeveloped  glands,  however,  reacted  promptly 
to  their  trophic  hormones.  The  characteristic  change  in  the  pituitary  was  the 
complete  absence  of  delta  cells  or  gonadotrophs. 

SIX  a-methyl-17a-hydroxyproge.sterone-acetate  (6a-MAP)‘  has  been 
shown  in  short  term  experiments  to  produce  a  marked  atrophy  of  the 
adrenal  glands  without  exerting  a  .severe  catabolic  effect  (1,2).  In  our  study 
it  has  been  injected  daily  into  rats  from  the  first  day  of  birth  until  matu¬ 
rity.  6a-MAP  proved  extremely  potent  in  inhibiting  growth  and  function  of 
both  the  gonads  and  the  adrenals.  The  morphological  and  histological 
changes  in  the  adrenal  glands,  gonads  and  the  pituitary  following  the  pro¬ 
longed  treatment,  the  recovery  after  cessation  of  treatment  and  the  re¬ 
sponse  of  the  inhibited  glands  to  their  trophic  hormones  are  described  and 
discussed  in  this  paper. 


METHODS  AND  MATERIAL 

Rats:  .\lbino  rats  of  the  W’istar  strain  were  used.  Litters  born  within  intervals  of 
2  to  3  (lays  were  pooled  on  the  Srd  day.  Newborn  rats  were  separated  according  to  sex 
and  randomly  allocated  to  control  and  experimental  groups,  which  were  then  returned 
to  the  nursing  mothers. 

Injections  were  started  from  the  second  to  fourth  day  after  birth  and  the  young  ani¬ 
mals  were  weaned  after  35  days.  The\’  were  fed  on  a  commercial  cube  diet.  Weights  were 
r(‘corded  weekly. 

Injections:  The  crystalline  i)reparation  was  freshly  made  once  a  w(*ek  into  a  very  fine 
stable  susjjension  in  a  sterile  vehicle  containing  10  mg.  carboxymethylcellulose,  4  mg. 
|)olysorbate  80,  0.42  mg.  propylparaben  in  3  ml.^  A  daily  dose  of  1.5  mg.  per  100  gm. 

Received  .June  24,  1900. 

'  6a-methyl-17a-h3’droxyprogesterone-acetate  (I’rovera)  was  generouslj’  j)rovidcd 
by  The  I'pjohn  Co.,  Kalamazoo,  Mich.,  through  the  courtesv'  of  Dr.  ]j.  I>.  Coleman. 

*  One  volume  of  “No.  98  sterile  vehicle”  of  the  Upjohn  Co.,  was  diluted  in  two  volumes 
of  sterile  saline. 
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body  weight  was  injected  subcutaneously  in  divided  morning  and  evening  injections 
in  a  volume  of  0.1  to  0.5  ml.  The  control  animals  were  injected  with  an  equivalent  vol¬ 
ume  of  the  vehicle. 

Corticotrophin:  Three  I.l*.  of  corticotrophin  with  protamine  and  zinc  (Connaught 
Laboratories)  were  administered  subcutaneously  twice  daily. 

Pregnant  Mare  Serum  Gonadotrophin:  Twenty  I.U.  of  Pregnyl  (Organon)  were  ad¬ 
ministered  subcutaneously  twice  a  day. 

Hemiadrenalectomy:  The  adrenal  was  removed  under  ether  anaesthesia  through  a  left 
lateral  abdominal  incision. 

Histological  techniques:  The  rats  were  killed  by  bleeding  under  light  ether  anaesthesia. 
The  left  adrenal  gland  and  the  left  testis  were  fi.xed  in  formol-calcium  for  24  to  72  hours. 
The  pituitary,  the  right  adnmal  gland  and  the  ovaries  were  fixed  in  Helly’s  fluid  for  4 
to  0  hours  and  the  right  testis  in  Helly’s  fluid  for  12  to  24  hours.  Following  fixation  the 
above  tissues  were  washed,  dissected  free  from  adherent  connective  or  fat  tissue  and 
weighed. 

Liver,  heart,  kidney,  spleen,  ventral  prostate,  seminal  vesicles  with  coagulating 
glands,  uterine  horns,  submaxillary  glands  and  thymus  were  weighed  in  the  fresh  state 
following  dissection.  Portions  of  the  liver,  kidney,  heart  and  pancreas  were  processed 
for  histological  studies.  Frf)zen  sections  from  the  left  adrenal,  left  testis  and  liver  were 
stained  with  oil  R('d  O  for  fat.  Pituitaries  were  serially  cut  and  sections  from  levels 
40  p  apart  were  mounted.  These  were  stained  (a)  by  the  periodic  acid  Schiff  technique 
followed  by  a  weak  hemalum  staining  and  orange  G  (b)  by  the  aldehyde-fuchsin  staining 
method  of  Gomori  as  modified  by  Elftman  (3)  (c)  by  a  Mallory  trichrome  staining  (4). 
Sections  from  the  ovaries,  thyroid  glands  and  right  adrenals  were  stained  by  hemalum- 
eosin  (H.E.).  Serial  sections  were  cut  and  stained  from  selected  ovaries.  Sections  from 
the  liver,  heart,  and  the  t(‘stis  were  stained  by  H.PL  and  periodic  acid  Schiff. 

EXPERIMENTAL 

The  following  groups  were  treated  as  indicated: 

.V.  6a-MAP  injections  from  birth: 

9  o’  rats  for  110  days  on  ()a-M.\P; 

10  cf  rat  controls  on  vehicle  alone  for  110  days; 

9  9  rats  on  Oa-M.VP  for  1 10  daj’s; 

10  9  rat  controls  on  vehicle  alone  for  110  days; 

8  o’  rats  on  (k>;-M.\P  until  the  age  of  70  days,  then  vehicle  alone  for  50  days; 

10  9  rats  on  Oa-MAP  until  the  age  of  70  days,  then  vehicle  alone  for  50  days. 

B.  Uemindrenalectomu  in  rats  treated  icith  6a-MAP: 

1 1  9  rats  on  Oa-.M AP  until  the  age  of  70  days  followed  by  left  hemiadrenalectomy; 
1 1  9  control  rats  on  vehicle  alone  until  the  age  of  70  days  followed  by  left  hemi- 
adrenalectomv. 

Both  groups  were  killed  20  days  after  hemiadrenalectomy  and  cessation  of  the  injections. 
Injections  of  Corticotrophin: 

7  9  rats  on  Oa-M.VP  until  the  age  of  70  days  then  corticotrophin  for  15  days; 

7  9  rats  on  Oa-.M.VP  until  the  age  of  70  davs  then  fia-M.\P-f corticotrophin  for 
1 5  days ; 

7  9  control  rats  on  vehicle  alone  until  the  age  of  70  days  then  corticotrophin  for 
15  days. 

I).  Injections  of  Pregnant  Mare  Serum  Gonadotrophin: 

'I'hree  male  and  three  female  rats  injected  with  0a-.M.\P  from  birth  until  the  age  of 
110  days  subsequentlj'  received  treatment  with  6a-M.\P  and  Pregnyl  for  15  days. 


March,  1061  ()a-.MKTHYL-17a-HYI)HOXYrR()(JKSTKH()NK  41!) 

RESULTS 

Hodij  Weight 

Figure  1  sliows  tlie  growth  curves  of  treated  animals  and  tlieir  controls. 
There  was  no  difference  between  treated  and  control  animals  of  either  sex 
until  the  age  of  50  days.  In  the  subsequent  weeks,  however,  there  was  a 
striking  difference  between  the  two  sexes.  Treated  and  control  females 
maintained  the  .same  growth  curves  and  reached  the  same  plateau.  In  the 
treated  male  group,  however,  the  increase  in  body  weight  seen  at  puberty 
in  the  controls  was  absent.  A  very  significant  difference  in  body  weight  was 
established  at  65  days. 

Weight  and  histology  of  endocrine  glands 
The  weights  of  organs  in  the  different  groups  are  shown  in  Table  1. 

Adrenal  glands 

The  adrenal  glands  of  the  treated  animals  reached  only  |  of  the  weight 
of  the  control  groups.  The  well  known  sex  difference  in  the  size  of  the 
adrenals  (5,  6)  was  absent  in  the  hypoplastic  adrenals  of  the  treated  groups. 
.\  striking  diminution  in  width  of  the  zonae  fasciculata  and  reticularis  was 
found  hi.stologically  (P’ig.  8).  The  columnar  pattern  of  the  fasciculata 
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AGE  IN  WEEKS 

FiCf.  1.  Clrowth  curves  of  control  rats  and  of  rats  treated  with 
•ia-MAP.  Tw(‘lve  to  1.5  rats  in  each  group. 
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Fig.  2.  Adn'iial  cortex  of  control  rat.  Oil  red  O,  Hcmaluni.  X125. 


recovery  of  tlie  adrenal  gland.s  wa.s  extremely  .slow  after  the  cessation  of  the 
injection.s  of  Oa-MAP.  Only  4  out  of  8  animals  in  the  male  sroup  and  o  out 
of  10  in  the  female  group  showed  adrenals  significantly  larger  than  fully 
suppre.s.'ied  glands  50  days  after  ce.s.sation  of  treatment.  The.se  glands 
showed  an  increased  cell  size  in  the  two  inner  zones  with  lipid  globules  in 
the  cytoplasm.  Hemiadrenalectomy  performed  in  rats  treated  with  Oa- 
.\IAP  did  not  lead  to  compensatory  growth  or  histological  change  in  the 
contralateral  adrenals  (Table  2).  Corticotrophin  treatment  for  15  days 
exerted  a  profound  trophic  effect  on  the  hypoplastic  glands.  The  concur- 
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could  not  be  recognized.  The  cells  of  both  inner  zones  showed  little  cyto¬ 
plasm  with  a  complete  absence  of  stainable  lipid.  Their  nuclei  and  nucleoli 
were  small.  In  contrast  the  cells  of  the  glomerulosa  were  well  preserved, 
did  not  .seem  to  differ  from  the  comparable  cells  of  the  control  animals,  and 
contained  abundant  lipid  droplets  (Figs.  2,  .4).  The  width  of  the  glomeru- 
lo.sa  in  these  treated  animals  was  greater  than  in  the  control  animals.  The 
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TaBI.K  2.  ('OMTEXSATORY  HY1>ERTK<»PH Y  OF  RIOHT  ADRENAL,  GLAND  AFTER  LEFT  ADRENALEC¬ 
TOMY  IN  TREATED  AND  CONTROL  ANIMALS.  MeANS±S.K.  WEIGHTS 
PER  U)0  GM.  BODY  WEIGHT  IN  BRACKETS 


No.  of  rats 

Treat  iiuMit 

Left  a(ir(‘nal  at  removal 

Ill);. 

Hijjlit  adrenal  removed 
20  days  later 

Ill);. 

11  9 

()a-M.\P  for  70  (lavs 

2  . <) -1-0.3 

4.510.4 

(  2  ±0.1) 

(  2  ±0.15) 

119 

Controls 

22.()-)-l  .3 

3811  .2 

(12.210.5) 

(17  ±0.3) 

rent  administration  of  tia-MAP  did  not  inhibit  tliis  effect  (Table  8).  The 
adrenal  glands  of  the  control  group  which  was  treated  with  corticotrophin 
were  larger  but  if  the  initial  size  of  the  adrenals  is  taken  into  account  their 
relative  growth  was  smaller  than  that  in  the  treated  groups. 

Gonads 

The  hypoplasia  of  the  testes  and  ovaries  in  the  treated  animals  was  as 
striking  as  that  of  the  adrenal  glands. 

Males.  The  seminiferous  tubules  were  of  small  diameter.  Spermatozoa 
were  ab.sent  (Fig.  o).  There  was  a  complete  arrest  of  maturation  of  the  few 
early  spermatids  found  in  occasional  tubules.  In  many  cross-sections  of 
tubules,  spermatocytes  and  cells  at  diakinesis  seemed  to  undergo  degenera¬ 
tion.  The  interstitial  cells  could  not  be  di.stinguished  from  fibrocytes.  The 
prostate,  seminal  vesicles  and  epididymis  also  were  undeveloped  (Table 
1).  The  very  slow  recovery,  observed  in  the  adrenal  glands  after  cessation 
of  treatment  was  also  seen  in  the  testes.  Spermiogenesis  was  evident  only  in 
4  out  of  8,  50  days  after  cessation  of  treatment.  Pregnyl  had  a  marked 
stimulatory  effect  on  the  hypoplastic  testes  and  spermiogenesis  was  present 
after  a  treatment  of  15  days. 


Table  3.  Weights  of  the  adrenals,  ovaries,  pitcitaries  and  thyroids  of  control 

AND  TREATED  RATS  INJECTED  WITH  CORTICOTROPHIN  FOR  15  DAYS. 

Means  ±S.E.  weights  per  101)  gm.  body  weight  in  brackets 


No. 

of 

rats 

Treatment 

.\drcnals 

ni);. 

Ovaries 

nig. 

Pituitary 

mg. 

Thyroid 

mg. 

7  9 

70  days  on  6a-M.\P 
then  15  days  on 
Corticotrophin  and 
Ga-MAP 

31 .8-1-2. 1 
(18.711 .3) 

28  ±3 

(16.511  .5) 

4.610.2 
(2.7  ±0.07) 

17.811 

(10.510.4) 

7  9 

70  days  on  6a-M  AP 
then  15  days  on 
Corticotrophin 

34.511.4 

(17.810.56) 

24.512.7 
(12.511 .2) 

5.310.14 

(2.710.08) 

19.1  ±1.3 
(9.910.8) 

7  9 

Controls  for  70  days 
then  15  days  on 
Corticotrophin 

8013.6 
(41  ±2.3  ) 

100  ±7.8 

(50 .513.5) 

9  10.5 

(4.510.11) 

20.1  10.8 
(10.4  ±0.6) 
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Females.  Xo  indication  of  estrous  cycles  was  found  in  vaginal  smears 
from  the  treated  rats.  The  ovaries  were  extremely  small.  Corpora  lutea 
were  absent  and  small  follicles  with  one  or  two  layers  of  granulosa  cells 
predominated.  A  few  follicles,  however,  showed  mitotic  activity  of  the 
granulosa  cells  with  the  formation  of  a  small  cavity  containing  a  degenerat¬ 
ing  ovum.  The  interstitial  tis.^ue  of  the  ovary  con.sisted  of  small  atrophic 
cells  with  a  small  dense  nucleus  (Figs.  G,  7). 

All  female  rats  in  the  group  kept  oO  days  after  the  cessation  of  treat¬ 
ment  with  Ga-MAP  remained  anestrous  until  killed.  Five  out  of  10  had 
ovaries  which  were  slightly  larger  than  tho.^e  found  at  the  end  of  the  injec¬ 
tions  of  Ga-MAP.  In  these  the  interstitial  cells  appeared  more  active  and  a 
greater  number  of  follicles  appeared  to  have  multiple  layers  of  granulosa 
cells.  Xo  evidence  of  corpus  luteum  formation  was  found  and  atretic 
changes  were  still  present.  Pregnyl  exerted  a  marked  stimulation  on  the 
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hypoplastic  ovaries.  At  the  end  of  15  days  of  treatment  the  ovaries  were 
enlarged  and  contained  a  large  number  of  corpora  lutea. 


Pituitaries 

The  pituitaries  of  the  treated  animals  were  decreased  in  size.  The  com¬ 
plete  absence  of  gonadotrophs  was  striking  (Hgs.  S,  9).  In  contrast,  the 
aldehyde-fuchsin  positive  jS  cells  (thyrotrophs  of  Purves  and  Griesbach 
(12,  13))  were  well  preserved,  fully  granulated  and  appeared  in  many  cases 
more  numerous  than  in  the  untreated  animals.  Acidophils  were  also  fully 
granulated.  The  population  of  the  chromophobes  was  difficult  to  evaluate 
but  in  the  treated  animals  they  were  of  decreased  size  and  showed  narrow 
cytoplasmic  rims. 


Thyroids,  Pancreas 

The  thyroid  glands  of  the  treated  animals  did  not  differ  in  weight  from 


Fig.  4.  S('niinif''rous  tuliulos  of  control  rat.  Hcmalum-oosin.  X220. 
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S(Mninif(‘rous  tiil)ul(‘s  of  rat  ticatcal  with  ()«-MAP  from  birth  to  maturity 
(110  (lays).  Ahsciicc  of  si)('rmiof?(‘n(‘sis.  Hcmalum-eosin.  X22(). 


tlieir  controls.  The  cells  lining  the  follicles  appeared  of  the  .same  height  as  in 
the  control  group.  The  d  cells  of  the  islets  of  Langerhans  were  fully  granu¬ 
lated  and  normal. 

DISCUSSIOX 

The  degree  of  hypoplasia  of  the  adrenal  glands  and  the  gonads  observed 
ill  the  animals  treated  with  (ia-M.VP  from  birth  to  maturity  was  striking. 
"!'he  weights  and  histological  appearance  of  these  glands  were  similar  in  all 
lospects  to  tho.se  reported  in  rats  which  were  .sacrificed  after  a  period  of 
'cveral  months  following  hypophysectomy  at  a  young  age  (7,  S,  0).  On 
morphological  criteria,  therefore,  (ia-MAP  .seemed  to  produce  a  complete 
inhibition  of  the  secretion  of  gonadotrophins  and  corticotrophin  by  the 
■ituitary.  The  .secretion  of  growth  hormone  and  thyrotrophic  hormone, 
owever,  appeared  to  remain  unaffected.  These  hormones,  therefore,  do 
ot  seem  to  exert  any  direct  trophic  effect  on  adrenal  glands  and  gonads. 
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The  hypoplastic  adrenal  glands  and  gonads  were  promptly  stimulated 
by  a  short  treatment  with  corticotrophin  and  pregnant  mare  serum  gonado¬ 
trophin.  The  trophic  effect  was  the  same  whether  injection  of  Oa-MAP  was 
or  was  not  continued  during  the  treatment  with  the  trophic  hormones.  In 
agreement,  therefore,  with  Glenn  et  al.  (1),  who  found  no  inhibitory  action 
of  6a-MAP  on  the  depletion  of  ascorbic  acid  of  the  adrenal  glands  by 
corticotrophin,  our  results  demonstrate  that  Oa-MAP  acts  at  the  hypo- 
thalamo-hypophyseal  level.  Furthermore,  these  experiments  showed  that 
the  prolonged  suppression  of  these  glands  during  the  whole  growth  period 
did  not  induce  a  loss  of  sensitivity  of  their  cells  to  their  trophic  hormones. 
()a-MAP,  a  synthetic  derivative  of  progesterone,  has  been  shown  to  possess 
a  strong  progestational  activity  and  also  properties  characteristic  of  11- 
oxygenated  corticosteroids  (1,  9).  Androgenic  and  oestrogenic  activities 
have  not  been  demonstrated  (1,  9).  The  marked  atrophy  of  the  uterine 
horns  and  of  the  accessory  male  organs  and  the  regression  of  the  thymus 
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Fin.  "•  Ovary  of  rat  treated  with  6a-M.\P  from  birth  to  maturity  (110 
days).  Shrunken  interstitial  cells  with  hyperchromatic  nuclei  and  a  degenerating  fol¬ 
licle.  Hemalum-eosin.  XI 90. 

confirm  the  al)ove  findings.  However,  Ga-MAP  proved  extremely  potent, 
and  perliaps  more  effective  than  any  of  the  corresponding  natural  hormones 
of  the  target  glands  in  inhibiting  three  trophic  hormones  of  the  pituitary. 
The  results  of  experiments  with  natural  hormones  under  the  same  condi¬ 
tions  of  continuous  administration  from  birth  are  not  available  for  com¬ 
parison  with  our  findings. 

The  spontaneous  recovery  of  the  hypoplastic  glands  was  extremely  slow 
and  incomplete.  A  protracted  action  of  the  steroid,  which  perhaps  accumu¬ 
lated  in  some  body  compartment  (skin,  adipose  tissue)  cannot  be  excluded, 
md  therefore  the  more  tempting  speculation  of  a  persisting  morphological 
>r  functional  change  of  the  hypothalamus  or  pituitary  is  not  justified, 
funkmann  (10),  in  a  series  of  investigations,  has  demonstrated  that  a 
ingle  injection  of  esterified  steroids  exerts  a  protracted  effect. 

We  had  hoped  that  an  evaluation  of  the  pituitary  cytology  might  give 
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definite  information  on  the  cellular  site  of  the  production  of  corticotrophin. 
The  complete  absence  of  the  oval  basophils,  which  do  not  stain  with 
aldehyde-fuchsin  (gonadotrophs  of  Purves  and  (iriesbach  (12),  delta  cells 
of  Halmi  (13,  14))  is  in  agreement  with  the  view  that  these  cells  secrete 
gonadotrophins.  The  population  of  the  angular  basophils,  staining  with 
aldehyde-fuchsin  (thyrotrophs  of  Purves  and  (Jriesbach  (12,  13),  beta 
cells  of  Halmi  (14)),  was  fully  preserved  in  the  treated  groups.  These  cells, 
therefore,  are  unlikely  to  be  the  site  of  production  of  corticotrophin. 

The  complete  absence  of  aldehyde-fuchsin  negative,  oval  basophils  and 
the  presence  of  normal  aldehyde-fuchsin  positive,  angular  basophils  and 
of  normal  thyroids  gives  additional  evidence  that  the  pituitary  cells  respon- 
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Fig.  9.  Antorior  pituitary  of  cf  rat  troatcal  with  (k^-MAF  from  i)irtli  to  maturity. 
.Viitcro-iiK'dial  area.  .\l)S('n(‘i'  of  K<>*iii<l**trophs.  P..\.S.-h(‘malum-orans(‘  (1.  X170  and 
X()S0. 


sihle  for  T.S.FI.  secretion  are  the  angular  alclehyde-fuchsin  positive  haso- 
phils  (11,  12).  The  eo.sinophils  of  the  pituitaries  of  the  treated  rats  did  not 
seem  to  differ  in  number  and  degree  of  granulation  from  tlie  eosinophils  in 
the  glands  of  the  controls.  A  great  number  of  chromophobes  showed  nar¬ 
rowing  of  the  cytoplasmic  rims. 

Whether  ACTll  is  produced  l\v  the  “gonadotrophs”  or  by  a  specific 
group  of  chromophobes  cannot  be  answered  from  our  observations. 
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QUANTITATIVE  HIST()('HEMI(^AL  DISTRIBUTION  OF 
BIOTIN  IN  THE  RAT  ADRENAL  AND  LA('K 
OF  RESPONSE  TO  ACTIP^ 

ROBERT  B.  FEROUSON  and  DAVID  (BACK 

Ilistorhemistry  Laboratory,  Department  of  Physiological  Chemistry,  I'niversity  of 
Minnesota  Medical  School,  M inneapolis,  Minnesota 

ABSTHAC'T 

The  quantitative'  histoloftical  distribution  of  biotin  was  studied  in  adrenals 
from  eontrol  rats  and  those  treatc'd  with  AC'i'H.  Mierol)iolof>:ieal  assay  with 
Lactobacillus  arabinosus,  by  tlie  inoet'dnre  previously  developed  for  mieroKram 
samples  of  tissue,  was  employe'd.  The  fjreatest  concentration  was  found  in  tlu' 
inner  fascicular  zone  (2.4  total  biotin  per  fat-free  dry  weif?ht),  with 
values  decreasing  toward  and  through  the  glomerular  zone  to  a  minimum  of 
1.2,  and  also  through  the  reticularis  to  l.b  in  medulla.  AC'TH  treatment  of  the 
rats  (25  mg.  kg.  injected  subcutaneously  3  hours  before  sacrifice)  had  no 
demonstrable  effect  on  either  the  distribution  or  concentration  of  total  biotin. 

Free  biotin  constituted  only  about  2%  of  the  total  in  any  region  of  the  gland. 

The  role  of  biotin  in  inetaholie  utilization  of  caribou  dioxide,  and  in 
carhoxylation.s  and  .synthesis  of  lipid  substances,  is  being;  more  firmly 
established,  e.g.  (1-4).  Tlie  relatively  higih  concentration  of  biotin  in  the 
adrenal  gland  (o),  and  tiie  localization  of  lipid  substances  particularly  in 
the  fascicular  zone  of  the  adrenal  cortex  (ti),  might  be  expected  to  be  re¬ 
lated.  The  present  investigation  shows  a  correlation  between  the  distribu¬ 
tion  of  these  constituents;  however,  .VCTII  treatment  which  causes  deple¬ 
tion  of  total  lipid,  particularly  cholesterol  ester,  was  found  to  have  no 
demonstrable  effect  on  the  total  biotin  concentration  in  any  adrenal  zone. 

EXPEUIMEXTAL 

The  adrenal  glands  were  obtained  from  2-2^  month  ohl  Si)rague-I)awley  male  albino 
rats  (Holtzman  (’o.),  weighing  29(F3S5  gm.  Th  '  animals  were  fed  Purina  Fox  Chow  and 
taj)  water  ad  libitum  ami  housc'd  individually  in  a  constant  climate  room  (25°  +1°  C, 
30-.50%  relative  humidity)  with  controlled  illumination  (lights  on  at  ():()()  .\..\I.,  off 
at  ():()()  P.M.).  ACTU  (25  mg.  kg.)  was  injected  subcutaneously  in  1  ml.  of  physiolog¬ 
ical  .saline  3  hours  before  sacrifice.  'I’he  rats  wc're  killed  instantly  by  a  sbarj)  hammer 
blow  to  the  head  at  noon  (  ±  15  minutes).  Imim'diately  following  death,  the  left  adn'iial 
was  removed,  frozi'ii  in  solid  carbon  dioxide,  transferrc'd  to  a  cold  room  (  —  15°  C),  a 
cylinder  of  tissue  was  bon'd  out  from  the  center  of  the  gland,  and  serial  fn'sh-frozen 
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circular  microtome  sections  (1.6  mm.  diameter.  16  n  thick)  were  jjrepared  as  described 
previously  (7).  The  first  tissue  section  was  ])laced  on  an  alhumiiiized  slide  for  histological 
identification  (S),  the  following  two  were  used  for  biotin  analysis,  and  the  next  two  were 
discardecl.  This  order  was  followed  through  the  cortex  and  into  the  meilulla.  The  analyt¬ 
ical  samples  were  frozen-dried  in  vacuo  over  silica  gel  at  —20°  C’,  defatted  by  extracting 
each  one  in  a  dei)ression  of  a  si)ot  |)late  with  1  ml.  of  petroleum  ether  for  1  minute,  and, 
after  dryitig,  weighed  on  a  Rodder  (piartz  fiber  inicrobalance.  .\dditional  extraction  did 
not  decrease  the  weight  of  the  tissue.  The  fat-free  <lry  weight  of  two-section  sami)les  was 
about  12  Mg. 

Biotin  was  (hdermiiu'd  by  the  microbiological  method  (9)  recently  develope<l  for  use 
with  mK-  quantities  of  tissue.  The  method  is  a  modification  of  that  of  Wright  and  Skeggs 
which  employs  I.actohacillus  arabinosus.  'I'he  optimum  release  of  the  total  biotin  from 
the  sample  was  obtained  by  hydrolysis  in  o  n\.  of  2N  H;S()4  for  1|  hours  at  121°  C. 
Dujjlicate  and  10  fi\.  alicpiots  from  diluted  hydrolyzates  were  used  for  each  assay 
Since  the  tissue  was  defatted  before  assay,  interference  in  the  measurement  due  to  pres¬ 
ence  of  fatty  acid  (10)  was  obviated.  Free  biotin  (extractable  with  cold  0.015  M  jihos- 
phate  buffer.  i)H  6.8)  was  found  to  constitute  so  small  a  fraction  of  the  total  (about  2%) 
in  any  adrtmal  zone  that  measurements  were  made  only  of  total  biotin. 

RESULTS  .y\D  DISCUSSION' 

From  Figure  1  it  is  clear  tliat  highest  concentrations  of  total  biotin  occurr 
in  the  inner  fa.sciculata  with  the  values  decreasing  to  the  capsule  on  one 
side  and  to  the  medulla  on  the  other.  Lack  of  effect  of  ACTII  on  the  biotin 
concentrations  is  also  apparent.  Analysis  of  whole  left  adrenal  glands  from 


Fig.  1.  Quantitative  histological  distribution  of  total  biotin  in  left  adrenal  glands  of 
male  albino  rats  sacrificed  at  noon.  Two  microtome  si'ctions  (each  1 .6  mm.  diameter, 
16  n  thick.  0.032  n\.  volume)  were  used  for  each  assay.  The  ri'gions  of  the  adrenal,  identi¬ 
fied  by  C.  (1.  F,  R.  and  M  denote  capsule,  glomerulosa.  fasciculata.  reticularis  and 
medulla,  resjiectively.  Mixeil  zoiu's  are  designated  by  two  letters.  The  points  represent 
means,  and  the  height  of  the  vi'rtical  lines  through  them  ri'presents  twice  the  standard 
error  of  the  mi'an.  The  numbers  in  parentheses  denote  the  number  of  adrenals  used. 
.\CTH  treatment  consisted  of  subcutaneous  injection  of  25  mg.  kg.  3  hours  before 
sacrifice. 
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()  rats  gave  a  mean  total  biotin  concentration  of  2.3  ju/us  mS  fat-free  dry 
weight.  Direct  comparison  to  data  from  other  lal)oratories  is  not  possible 
.since  these  have  not  been  reported  on  a  fat-free  dry  weight  basis,  and  total 
fat  content  in  particular  varies  considerably,  in  addition  to  any  effect  of 
fatty  acids  on  the  assay  itself.  Furthermore,  different  conditions  of  assay 
were  employed  and  the  rats  were  not  of  the  same  age,  etc.  Taylor  et  al.  (o) 
reported  about  ().(>  /xg  gm.  fresh  rat  adrenal  and  Schricker  et  al.  (1.3)  about 
0.5  Mfi  gni. 

The  profile  of  the  curve  of  biotin  distribution  is  similar  to  that  of  total 
lipid  in  the  adrenal,  both  having  maximal  concentrations  in  the  fascicular 
zone.  Total  lipid  distribution  in  monkey  and  guinea  pig  adrenals,  obtained 
as  the  difference  between  the  total  and  fat-free  dry  weight  curves  given 
earlier  (0),  is  similar  to  that  in  the  rat  adrenal.  This  general  concordance 
might  be  taken  to  indicate  the  role  of  biotin  in  the  synthesis  of  fatty  acids, 
a  considerable  proportion  of  which  are  esterified  with  cholesterol,  particu¬ 
larly  in  the  fasciculata  (11),  and  possibly  also  in  the  .synthesis  of  cholesterol 
from  dimethylacrylic  acid  but  not  from  acetate  (12). 

That  .such  .synthe.sis  is  independent  of  utilization  is  .suggested  by  the 
refractory  state  of  the  biotin  to  influence  by  ACTH.  The  lack  of  an  ACTII 
effect  is  in  accord  with  work  of  Schricker  et  al.  (13),  who  observed  no 
.significant  change  in  biotin  concentration  of  rat  adrenals  when  the  animals 
were  expo.sed  to  cold  under  conditions  (5°  C  for  1  hour)  which  cau.sed  a 
marked  drop  in  ascorbic  acid  concentration.  Furthermore,  in  a  collabora¬ 
tive  study  with  Dr.  Halberg  (14),  we  detected  no  .significant  variation  in 
biotin  concentrations  of  whole  rat  or  mou.se  adrenals  as.sayed  at  4-hour 
intervals  over  a  24-hour  period,  although  adrenal  activity  undergoes  great 
circadian  changes  and  constituents  such  as  coenzyme  A  exhibit  marked 
differences  in  concentration  in  this  gland  as  a  function  of  the  cycle  (14). 

One  might  expect  that  there  would  be  no  depletion  by  ATCII  of  factors 
reciuired  for  .synthesis  of  cholesterol  ester  since  the.se  factors  are  nece.ssary 
for  renewed  .synthesis  after  utilization  induced  by  ACTH.  The  pre.sent 
data  are  consistent  with  this  po.ssibility. 
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ABSTRACT 

It  lias  jircviously  Im'cm  reported  that  eertain  metaliolites  of  tryptophane 
interfere  with  an  aetion  of  thyroxine  in  vitro.  The  present  study  was  undertaken 
to  determine  whether  tliese  eompounds  also  influenee  the  ])erii)heral  metabolism 
of  thyroxine  and  its  analogues.  It  was  found  tliat  serotonin,  o-hydroxytrypto- 
l)hane,  5-hydroxyin<lole,  5-hydroxyindoleaeetie  aeid,  3-hydroxyanthranilie 
aeid  and  xanthurenie  aeid  all  depressed  the  degradation  of  thyroxine  to  inor- 
ganie  iodide  by  liomogenates  of  mammalian  and  ami)hibian  tissues.  A  similar 
effeet  was  obtained  with  reserpine.  On  the  other  hand,  tryptophane,  indole, 
indole-aeetie  aeid,  anthranilie  aeid.  quinolinie  aeid,  kynurenine,  kyniirenie  aeid 
and  nieotinie  aeid  were  without  effeet. 

Both  serotonin  and  ri'serpine  also  iidiibited  the  formation  of  iodide  from 
triiodothyronine,  tetra-  and  triiodothyroaeetie  aeids  in  these  systmns.  In  eon- 
trast,  the  deiodination  of  mono-  and  diiodotyrosine  by  mouse  liver  homogenate 
was  not  altenal  by  the  jiresenee  of  serotonin. 

Dejin'sst'd  degradation  of  thyroxine  to  iodide  was  also  ob.siTved  in  liver  ob¬ 
tained  from  tadpoles  and  miee  pretrc'ated  with  re.s(>rpine. 

Kviilenee  was  obtained  that  eertain  of  the  tissues  usi-d  were  capable  of  di'- 
aminating  thyroxine  to  its  acetic  aeid  analogue.  In  the  presence  of  serotonin, 
increased  amounts  of  tetraiodothyroacetic  acid  were  formeil. 

'I'he  implications  of  these  findings  are  discussed. 

THYROXIXE  (T4),  triiodothyronine  (T3)  and  tlieir  congeners  are 
metabolized  by  a  variety  of  mammalian  ti.s.sues.  Deiodination  of  the 
liormones  lias  lieen  demonstrated  both  in  vivo  (1,  2,  3,  4)  and  in  isolated 
ti.ssue  preparations  in  vitro  (o,  b,  7,  8,  9,  10),  Most  of  tliese  studies  have 
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been  performed  witli  hormone.s  labeled  in  the  phenolie  ring.  Here,  inorganic 
iodide  is  the  major  product,  although  occasionally  there  occurs  a  metabo¬ 
lite  with  a  chromatographic  mobility  similar  to  that  of  Td.  However,  recent 
experiments  using  T4  labeled  in  the  8-0  positions  indicate  that  a  compound 
is  formed  which  yields  diiodotyrosine  (l)IT)  on  hydrolysis  (11). 

In  mammals,  oxidative  deamination  of  the  thyroid  hormones  also  occurs. 
The  pyruvic  and  acetic  acid  analogues  of  T4  and  T8  have  been  detected  in 
rats  following  injection  of  the  parent  hormones  (12,  18).  The  conversion  of 
T4  and  T8  to  their  corresponding  acetic  acid  derivatives  (TA4  and  TA8) 
has  also  been  demonstrated  in  vitro  (9,  14).  Both  analogues  occur  naturally 
in  the  mouse  (15). 

The  biological  importance  of  these  two  metabolic  pathways  and  their 
relation  to  the  action  of  thyroid  hormones  is  not  understood.  Several  pos¬ 
sibilities  may  be  envisaged.  First,  the  hormones  may  exert  a  physiological 
action  without  being  metabolized.  Subseciuent  degradation  might  then 
lead  to  the  formation  of  products  which  are  either  inactive,  or  which  are 
active  but  which  differ  from  T4  in  their  effects.  .Vlternatively,  T4  perse  may 
be  inactive.  Metabolic  alteration  might  then  be  nece.ssary  for  the  produc¬ 
tion  of  an  active  derivative.  Finally,  the  action  of  the  hormone  may  be 
incident  to  the  chemical  proces.ses  by  which  the  hormone  is  transformed. 

.\n  increased  oxygen  consumption  is  a  common  manifestation  of  the 
metabolic  action  of  thyroid  hormones.  However,  the  increase  in  oxygen 
consumption  which  sometimes  follows  the  addition  of  T4  in  vitro  occurs 
only  after  a  latent  period  (Review,  1(5).  Conceivably  this  is  nece.ssary  for 
the  formation  of  an  active  derivative.  However,  T8  also  had  a  delayed 
action  (17),  and  while  it  has  been  reported  that  TA4  and  T.\8  effect  an 
immediate  stimulation  of  oxygen  consumption  both  in  vivo  and  in.  vitro  (18), 
this  work  could  not  be  confirmed  (19,  20,  21). 

.\  seemingly  reproducible  effect  of  T4  in  vitro  has  recently  been  de¬ 
scribed.  When  rat  kidney  slices  are  stored  for  72  hours  at  5°  C,  oxygen 
consumption  measured  during  brief  periods  of  incubation  at  87°  progre.s- 
.sively  declines.  If  T4  or  other  thyroactive  compounds  are  added  to  the  me¬ 
dium,  this  decline  in  oxygen  consumption  is  retarded,  especialh'  when 
L-proline  or  uL-alanine  are  present  (22,  28).  Recently,  it  was  reported  that 
tryptophane  and  .several  of  its  derivatives  inhibit  this  maintenance  of 
oxygen  consumption  and  in  some  ca.ses  also  depress  the  initial  rate  of 
respiration  (24). 

In  view  of  the.se  findings,  it  was  of  interest  to  ascertain  if  the  iidiibitory 
effect  of  these  tryptophane  derivatives  on  this  action  of  T4  was  a.s.sociated 
with  any  change  in  the  metabolism  of  the  hormone.  This  might  provide 
evidence  of  a  link  between  the  degradation  and  the  action  of  the  hormone. 

The  experiments  described  below  have  revealed  that  the  metabolism  of 
T4'  and  .several  of  its  analogues  in  vitro  is  markedly  influenced  by  the  pre.s- 


For  the  optically  active  eompouiids,  the  L-isomers  were  used  unless  indicated. 


March,  U)6t 


INDOLES  AND  THYRONINE  .METABOLISM 


437 


ence  of  serotonin  and  several  other  metabolites  of  tryptophane.  These  were 
found  to  inhibit  hormonal  deiodination  by  both  mammalian  and  amphil)- 
ian  tissue  preparations. 

Heserpine  is  said  to  release  serotonin  in  the  tissues  (2.5)  and  is  capable  of 
alleviating  some  symptoms  of  thyrotoxicosis  in  man  (2(5).  The  effect  of  this 
agent  on  deiodinating  systems  was  therefore  studied  and  it  too  was  found 
to  be  inhibitory. 


METHODS  AND  MATERIALS 

In  Vitro  Experiments: 

Solutions  of  tli(‘  various  trypto|)liam“  dcrivativos-  wore  |)r('i)ar('(l  in  Kr(“l)s-Rini;i'r- 
pliosphato  huffor’  (KRP)  at  a  concontration  of  2X  H)~-*  M  cxcopt  wlion  otliorwiso  statoil, 
and  the  j)!!  was  adjusted  to  7.4  before  use. 

Tissues  w(‘re  lioinofjenized  in  chilled  teflon  firinders  usin^  1  ffin.  tissue  i)er  .5  ml.  iee- 
eold  KRR,  and  were  used  within  30  minutes  of  i>re])aration.  ])orti(m  of  each  homoge¬ 
nate  was  boiled  in  a  water  bath  and  rehomofrenized.^  Ecpial  volumes  of  homoKenati' 
and  either  KRI’  or  solution  of  tryptoi)han(‘  (huivative  w»'re  mixed  and  ineubati'd  at 
37°  (’  in  room  air  in  a  eontinuously-shakiiif!;  Dubnoff  api)aratu.'!.  In  some  (‘xperiments, 
reserpine-'’  was  addc'd  to  tin*  homonenatt'  to  ^ive  a  final  eonecuitration  of  2X10“^  M.  On 
arrival  from  a  commereial  source'.'*  l'-"-labeled  T4  (n-  and  i.-),  3-.5-3'  -'r3.  T.V4,  T.\3, 
monoiodotyrosine  (.MIT)  and  diiodotyrosine  (DIT)  were  dilutc'd  with  1%  human  serum 
albumin,  to  ^ive  a  eoneentration  of  UK)  M<‘/i>d-.  procedure  found  to  reduce'  eh'eeemposi- 
tieen.  .\n  aliepieU  of  tlu'se'  seelutieens  was  aeleleel  tee  2mL  eef  elilute'el  beemeefienate  te)  give  a 
final  hormonal  e'eenee'iitratiem  e^f  2-4X10“'  M.  Ee)lle)winff  ineid)atie)n  eef  the'  he»meif;e'nate', 
human  plasma  was  aehh'el  te)  e'aeh  flask  (().')  ml. /ml.  heemeetJie'nate').  This  serveel  te)  ste)p 
further  eh'ie)elinatie)u  anel  alse)  te)  re've'rse'  any  possible  s])e)ntanee)us  ne)n-e'nzymie'  altera¬ 
tion  e)f  T4  of  the  type'  re'ee'iitly  elese'iibe'el  (27). 

.Micpiots  of  the  mixture  were'  ai)pli('el  te)  Whatman  Ne).  I  filter  ])ai)er  strips  for  ehro- 
mate)graphi('  analysis.  When  se'veral  sample's  freem  the'  same  ve'sse'l  we're'  re'epiireel,  an 
aliepiot  was  withelrawn  anel  mixe'el  with  plasma  in  a  ble)e)el  ])ipette'  anel  then  a])plie'el  to  the 
pape'r.  ('hre)mato>j;raphie'  analysis  was  earrie'el  e)ut  in  butane)l-elie)xane  2N  NH4()H 
(4:1  :.5)  (HD.\).  .\i)pre)priate  carriers  were  empleeye'el  as  markers  anel  their  pe)sitions  were 


-  The'  feelleewinjf  abbre'viatie)ns  will  be  useel: 

.T-hyelre)xytryptamine' — se're)te)nin 
.')-hyelre)xytry])te)])hane' — .t-HT 
.Yhyelroxyineloleaeetie  aeiel — .5-H I.V.V 
Ineleeh'ae'etie  aeiel —  L\.V 


»  KRP: 

Na(’l 

0.1.54  .M 

(pH  7.4) 

K('l 

O.L54  .M 

CaCb 

0.11  .M 

.MgS04 

0.1, 54  .M 

100  parts 
4  ))arts 
1  ])art 
1  part 


Seeelium  pheesphate  buffer,  pH  7.4,  0.1  M,  lO-O  parts 


*  In  tael|)e)le  tissue's,  since  eleieeelimetieen  was  inhibite'el  by  boiling,  raeUoie)elielc  found 
after  ineubatieen  of  be)ile'd  spe'cime'ns  was  consielere'el  te)  arise'  fre)m  ne)n-e'nzymic  proeesse's. 
Values  fe)r  ieeeliele  in  sueli  si)ee‘imens  we're'  the're'fe)re'  subtraete'el  fre)m  theese'  obtaineel  in 
unbe)ileel  i)re'i)aratie)ns. 

^  Re'serpine  (serpasil)  se)lution  eontainins  2.,')  m<f.  ml.  ((*iba  Rharm.  ProeL,  Ine.). 
.Ml  raelioaetive  e'omi)ounels  were  obtaineel  from  .Vbbott  Labe)ratorie's,  Oak  Rielge', 
Tennessee. 
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l()cat(‘<l  by  staining  with  palladium  (diloride  in  the  caso  of  iodide,  and  diazotized  sul- 
phanilie  acid  for  the  iodiiiat(‘d  i)henols.  Radioaetive  zones  were  detected  with  a  eon- 
tinuoiisly-reeordins  strip  scanner  and  the  areas  under  the  radioaetive  peaks  were  quanti- 
tatc'd  with  an  electronic  inte>!;rator.  'I'wo  dimensional  chromatograms  were  developed 
twice  with  RDA  and  autoradiographed  on  x-ray  film. 

In  exi)eriments  using  tissue-free  systems.  2.t  /al.  of  T4  solution  were  added  to  2  ml.  of 
either  KRP  or  solution  of  tryptophane  derivative  and  aliquots  were  ehromatograi)hieally 
analyzed  without  addition  of  i)lasma. 

In  Vivo  Experiments: 

(;roui)s  of  adult  white  male  mice  wiMghing  approximately  •‘10  gm.  received  daily 
intraperitoneal  injections  of  tryi)tophane  derivatives  (d.^O  #ig)  or  reseri)in(‘  (2.5-200  /ng) 
for  up  to  5  days.  Tadpoles  were  trc'ated  with  reser])ine  both  by  intraperitoneal  injection 
(2.5  mK  'hiy)  and  by  maintaining  them  in  water  containing  res(>ri)ine  (0..5  mg.  liter). 
The  animals  were  kille<l  by  decapitation,  and  deiodination  of  T4  was  studied  in  homoge¬ 
nates  of  liver  ])repared  as  (h'scribed  above'. 

RESULTS 

Tissue  sijslcms: 

llomopienate.s  of  whole  tadpole,  tadpole  liver  and  rat  and  mouse  kidney 
and  liver  all  metabolized  I '•'’'-labeled  T4.  The  major  products  were  inor¬ 
ganic  iodide  and  labeled  material  which  remained  at  the  point  of  applica¬ 
tion  during;  chromatography.  This  “origin  material”  was  formed  concomi¬ 
tant  with  deiodination  and  it  comprised  as  much  as  20%  of  the  total  I''" 
present  in  the  homogenate.  Other  iodinated  products  were  not  found  in 
significant  amounts  except  in  preparations  of  rat  and  mouse  kidney,  where 
T.\4  was  sometimes  detected.  The  tadpole  homogenate  was  completely 
inactivated  by  heating  at  100°  for  2  minutes,  and  boiling  for  00  minutes 
iidiibited  deiodination  by  ti.ssues  of  the  rat.  In  contrast,  boiling  for  com¬ 
parable  periods  markedly  eidianced  deiodination  by  mouse  liver  homog¬ 
enates. 

The  effects  of  the  .several  derivatives  of  tryptophane  were  analyzed  in 
two  ways.  For  each  experiment,  the  total  proportion  of  T4  metabolized  was 
compared  in  control  and  experimental  vessels.  Results  are  shown  in  Table 
1.  Since  percentile  degradation  of  T4  in  control  flasks  varied  in  different 
preparations,  values  in  experimental  ves.sels  were  expressed  as  a  percent  of 
those  found  in  corresponding  controls.  Serotonin,  .5-HT,  .5-11  lAA,  .5-hydrox- 
yindole,  tryptamine,  R-hydroxyanthranilic  acid  and  xanthurenic  acid  all 
decreased  the  degradation  of  T4.  The  remaining  compounds  listed  were 
without  effect. 

Analy.ses  were  also  performed  on  the  effects  of  these  compounds  on  the 
formation  of  inorganic  iodide  and  of  origin  material  (Table  1  and  Fig.  1). 
Serotonin  at  a  concentration  of  10  almost  completely  inhibited  the 
appearance  of  inorganic  iodide.  However,  there  occurred  an  ab.solute  en¬ 
hancement  of  the  formation  of  origin  material.  Deiodination  of  T4  by 
tadpole  liver  was  also  inhibited  by  .serotonin  at  10“^  M  and  10“'  M,  but 
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Table  1.  IOfkect  of  certain  metabolites  of  tryptoi’IIane  on  the  dec.radation  of 

THYRONINE  IN  TADI’OLE  LIVER  HO  MOCE  N  ATES  * 


System 

No.  of 
expts. 

Degradation 
of  T4 

(%  control) 

Formation  of 
iodid(‘ 

( %  control) 

Formation  of  ori¬ 
gin  material 
(%  control) 

Mean 

Range 

.Mean 

Range 

Mean  Range 

Hoinonenafe  alone 
-H  Serotonin 

13 

37 

18“  50 

11 

0-  05 

131 

75-100 

4-Trvptamine 

5 

(12 

45“  80 

34 

23-  45 

130 

112-155 

-t-5-Hvdroxvt  rvptoiihane 

5 

23 

10  3<) 

10 

8-  23 

48 

33-  75 

-|-Trvptophane 

(i 

107 

00  123 

100 

85-143 

110 

03-123 

-|-.5-Hv(lroxvindoleaeetie  acid 

5 

37 

27-  47 

34 

25-  43 

41 

27-  58 

-t-Indoleaeetie  acid 

5 

81 

04-111 

i  i 

00-110 

81 

00-  05 

-|-.5-Hvdroxvindole 

3 

13 

0  17 

13 

0-  23 

30 

2-  00 

+  Indole 

3 

88 

8()  08 

07 

88-105 

85 

77-  00 

+  3-11  vdrox van thranilie  acid 

t) 

55 

10-  ‘)0 

53 

20  83 

71 

15  133 

+  .\nthranilie  acid 

() 

100 

'.»2-100 

103 

•)4-100 

83 

23-113 

+  Kvnurenine 

3 

100 

05-111 

87 

82-  01 

103 

00-115 

-t-  Kvnurenic  acid 

5 

00 

81-110 

101 

03-104 

108 

111-115 

-t- Xanthurenic  acid 

5 

55 

41-  77 

01 

38-  77 

03 

27-110 

-l-Nicotinic  acid 

4 

102 

08-100 

08 

87-100 

07 

80-107 

-|-(Juinolinic  acid 

3 

104 

08-100 

107 

04-115 

08 

5.5- 1 1 1 

*  Values  are  eorri'Cted  lor  ioilide  present  in  eoinparalile  boiled  speidmens. 


lower  concentrations  had  little  or  no  effect  (Fig.  2).  Trvptaniine  was  less 
effective  in  preventing  the  appearance  of  iodide,  but  was  equally  effective 
in  enhancing  the  formation  of  origin  material.  o-HT  depres.sed  the  forma¬ 
tion  of  both  iodide  and  origin  material,  but  the  latter  was  relatively  less 
affected.  o-HL\A,  .^-hydroxyindole,  IFhydroxyanthranilic  acid  and  xan¬ 
thurenic  acid  appeared  to  decrease  the  formation  of  both  products  propor¬ 
tionally. 

Results  obtained  with  preparations  of  mouse  liver  were  generally  similar 
(Fig.  .‘J).  Here,  degradation  of  T4  was  enhanced  by  boiling  the  homogenates 
liefore  adding  the  hormone.  Serotonin,  o-HT,  .l-IIIAA  and  tryptamine 
decreased  the  degradation  of  T4  in  both  boiled  and  unboiled  specimens. 


Fig.  1 .  I’^tTcct  of  derivatives 
of  trvpto])haHe  on  tlie  formation 
of  inorsanie  iodide  and  origin 
material  from  thyroxine  by  tad¬ 
pole  liver  homogenates.  Prod¬ 
ucts  formed  an*  expressed  as  a 
pi'r  cent  of  values  obtained  in 
eorresiiondiiifi:  control  vessels. 
Iodide  values  are  eorreeti'd  for 
iodide  jiresent  in  comparable 
boiled  specimens.  h]aeh  jioint 
represents  a  single  exiieriment. 
Concentrations  employed:  tryj)- 
tojihane  derivatives  10“^  M;  res- 
erjiine  2X10~^  M;  Thyroxine 
2-4Xl(r'.M. 
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SEROTONIN  (  Molarity  ) 


Fig.  2.  EfToct  of  varving  con- 
(‘(Mitrations  of  serotonin  on  the 
inetaltolisin  of  thyroxine  by  tad¬ 
pole  liver  homoRenate.  Values 
are  eorreeted  for  iodide  jjres- 
ent  in  eoniitarable  boiled  speei- 
niens.  Thyroxine  eoneentration: 
2X10-'  M. 


while  tryptophane  and  lAA  were  witliout  etTeet.  In  the  mouse  .system,  the 
percentile  formation  of  origin  material  in  control  ve.s.sels  was  less  than  in 
homogenates  of  tadpole  tissues.  This  made  it  difficult  to  analyze  the  rela¬ 
tive  effects  of  the  inhihitory  compounds  on  the  formation  of  the  two  prod¬ 
ucts.  However,  boiling  the  homogenate  increased  the  appearance  of  iodide 
more  than  origin  material.  Furthermore,  in  the  presence  of  compounds 
which  inhibited  the  degradation  of  T4,  origin  material  formation  was  less 
readily  enhanced  in  boiled  than  in  unboiled  preparations. 

In  two  experiments  carried  out  in  both  tadpole  and  mouse  liver  homog¬ 
enates,  .serotonin  also  diminished  the  degradation  of  d-T4. 

lleserpine  (2X10-*  M)  also  decreased  the  degradation  of  T4  by  tadpole 
liver  preparations  (Fig.  1)  and  by  both  fresh  and  boiled  mouse  liver  homog¬ 
enates  (Fig.  :i).  .\s  in  the  case  of  the  o-hydroxylated  derivatives  of  trypto¬ 
phane,  the  effect  on  the  appearance  of  iodide  was  relatively  greater  than  on 
the  formation  of  origin  material. 

In  many  instances,  the  labeled  compounds  pre.sent  in  the  homogenates 
were  analyzed  by  two  dimensional  chromatography  in  order  to  detect  any 


Fig.  3.  Effect  of  tryptopliani* 
(liTivativcs  on  the  metabolism 
of  thyroxine  by  boiled  and  nn- 
boiled  liomoRenates  of  mouse 
liver.  C'oncentrations  em¬ 
ployed:  tryptophane  deriva¬ 
tives  10“*  M ;  Reserpine  2  X  10“^ 
M;  thyroxine  2Xl()-‘  M. 
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iodinated  compounds  present  in  only  small  amounts.  AutoradioKiaphs  of 
four  such  chromatograms  prepared  from  homogenates  of  both  fresh  and 
boiled  tadpole  liver  are  shown  in  Figure  4.  Following  incubation  with  T4 
(contaminated  with  small  amounts  of  T;i),  only  a  possible  trace  amount  of 
T.\.4  was  observed  in  fresh  control  specimens.  In  the  presence  of  serotonin, 
however,  a  distinct  spot  which  corresponded  exactly  with  the  position  of 
carrier  T.V4  was  detected.  This  compound  was  not  found  in  boiled  tissue. 

In  experiments  using  rat  and  mouse  kidney  preparations,  some  T.\4  was 


FRESH  Homogenate 

UNTREATED 


I 

BOILED  Homogenate 

UNTREATED 


TA4 


SEROTONIN 


1 


+  SEROTONIN 


TA4 


Fig.  4.  .Metabolism  of  thyroxine  by  homogenate  of  tadpole  liver.  .Viitoradiographs 
of  two  dimensional  ehromatograms.  Solvent  system:  butanol-dioxane-  2N  NtbOIL 
Positions  of  stained  markers  are  indieated  by  dotted  lines.  C'oneentration  of  serotonin: 
lO”’  M.  T4 — thyroxine;  T3 — triiodothyronine;  T.V4 — tetraiodothyroaeetie  aeid; 
I~ — iodide. 
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Fig.  o.  Effect  of  serotonin 
and  reserpine  on  the  metabo¬ 
lism  of  thyroxine  analoKues  by 
tadpole  liver  homogenate.  .Ml 
values  an-  eorreetc'd  for  iodide 
present  in  comparable  boiled 
specimens.  C'oncentrations  em¬ 
ployed:  serotonin  U)~’  M;  re¬ 
serpine  2X10“^  M;  substrate 
2X10-‘  M. 


formed  by  control  liomosenates,  hut  in  the  pre.senee  of  .serotonin,  tliis 
amount  was  at  least  doubled. 

Similar  results  with  regard  to  the  effect  of  .serotonin  on  the  formation  of 
T.\4  were  obtained  in  both  mammalian  and  amphibian  preparations  usins 
D-T4. 

Homogenates  of  tadpole,  rat  and  mou.se  liver  all  metabolized  T:^,  TA4 
and  TA.4,  although  to  a  le.s.ser  extent  than  T4.  This  activity  was  completely 
inhibited  by  .serotonin  (10 M)  and  also  by  re.serpine  (2X10~^  M).  Results 
of  a  typical  experiment  are  shown  in  Figure  5.  In  the  case  of  Tli,  dispropor¬ 
tionate  effects  of  serotonin  and  reserpine  on  the  formation  of  origin  mate¬ 
rial  and  iodide  were  again  seen.  However,  in  the  case  of  TA4  and  TA3,  the 
amounts  formed  were  so  small  as  to  preclude  accurate  a.s.sessment  of  this 
phenomenon.  The  effects  of  o-HT  and  o-HIAA  on  the  metabolism  of  the.se 
compounds  re.sembled  tho.se  of  .serotonin,  while  tryptophane  and  lAA  were 
without  effect. 

Only  slight  deiodination  of  MIT  and  DIT  was  ob.served  in  homogenates 
of  tadpole  and  mouse  liver.  However,  deiodination  of  the  iodotyrosines  is 
reported  to  be  increased  by  homogenizing  the  tissues  of  the  rat  with  nico¬ 
tinamide  (28).  In  the  pre.sent  experiments,  a  similar  increase  was  obtained 
in  tissues  of  the  mouse,  but  not  the  tadpole.  In  contrast  to  its  effect  on  the 
metabolism  of  the  iodothyronines,  .serotonin  did  not  alter  the  deiodination 
of  AIIT  or  DIT  in  liver  homogenates  prepared  either  with  or  without 
nicotinamide  (Fig.  b). 

Attempts  to  induce  changes  in  the  deiodinating  activity  of  liver  followinj! 
the  administration  of  different  tryptophane  derivatives  to  mice  have 
yielded  varied  results,  possibly  because  of  the  metabolism  of  the  com¬ 
pounds  in  vivo.  However,  depressed  deiodination  was  ob.served  in  both  mice 
and  tadpoles  following  treatment  with  reserpine  (Fig.  7). 

Tissue-free  Systems: 

As  has  recently  been  reported  (27),  an  iodinated  compound  whos> 
chromatographic  mobility  was  identical  to  that  of  iodide  was  formed  whei 
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Fig.  I).  Effopt  of  serotonin 
on  the  (leiodination  of  inono- 
and  diiodotyrosine  by  lioinose- 
nate  of  moust*  liver.  Values  art* 
corrected  for  iodide  jjresent  in 
comparable  boiled  si)eciin(“ns. 
Suljstrate  concentration:  10~" 
M.;  nicotinamide  2.50  /uM/s- 
tissue. 


Nicotinamide  ->00  +  +  0  0  +  + 


T4  was  inculcated  in  KKP  for  120  minutes.  Serotonin,  o-IIIAA  and  5-IIT 
markedly  inhibited  the  appearance  of  tliis  unstable  product  of  T4  (Fig.  S). 
Tryptophane  and  lAA  were  perhaps  slightly  stimulatory,  while  reserpine 
and  tryptamine  were  without  effect. 

niscussiox 

In  the  present  experiments,  incubation  of  I'^'-labeled  T4  with  tissue 
preparations  resulted  in  the  appearance  of  several  products.  Inorganic 
iodide  comprised  the  major  metabolite  but  moderate  amounts  of  material 
which  remained  at  the  origin  during  chromatography  in  organic  solvents 
were  also  seen.  The  relative  proportion  of  origin  material  varied  consider- 
alcly  in  the  several  ti.ssues,  Init  it  appeared  in  alt  instances  in  which  at  least 
a  portion  of  the  T4  was  metabolized.  In  homogenates  of  mou.se  and  rat 
kidney,  traces  of  TA4  were  usually  olcserved. 

The  pre.sent  re.sults  have  shown  that  certain  metabolites  of  tryptophane 
(Fig.  10)  influence  the  conversion  of  T4  to  these  products  in  both  mamma¬ 
lian  and  amphibian  tissue  systems.  The  metabolism  of  TB  and  the  acetic 
acid  derivatives  of  T4  and  TB  were  similarly  affected.  Thus  serotonin,  o- 


Fig.  7.  .Metabolism  of  thy- 
roxiiH*  by  liver  homoj>;<‘iiates 
from  animals  pre-treatcal  with 
n'sc'rpiue.  Iodide  and  origin 
material  formed  are  (‘xpressed 
as  a  jM'r  cent  of  values  obtained 
in  liomonenates  prepared  from 
untreated  animals.  Each  point 
represents  an  individual  experi¬ 
ment.  Thyroxine  concentra¬ 
tion:  2X  10~‘  M. 


MOUSE 


TADPOLE 
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HT,  o-IIIAA,  o-hydroxyindole,  .‘i-liydroxyanthranilic  acid,  tryptamine 
and  xanthurenic  acid  inhibited  tlie  degradation  of  T4  under  the  conditions 
of  these  experiments.  On  the  other  hand,  tryptophane,  lAA,  indole,  kynure- 
nine,  (piinolinic  acid,  nicotinic  acid,  kynurenic  acid,  and  anthranilic  acid 
were  without  significant  effect.  It  was  thus  apparent  that  an  intact  pyrrole 
ring  in  the  indole  nucleus  was  not  essential  for  the  inhibition  of  this  .system. 
However,  with  the  exception  of  tryptamine,  all  the  active  compounds 
po.sse.ssed  an  hydroxyl  group  at  either  the  C-3  or  the  C-5  position.  The 
stability  of  tryptamine  (as  well  as  any  of  the  other  derivatives)  in  the.se 
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Fig.  8.  Fffi'ct  of  tryjitophane 
(UTivatives  on  the  degradation 
of  thyroxine  by  a  tadpole  liver 
hoinogenati*  and  ujion  the  r(>- 
versible  alteration  of  thyroxine 
in  a  buffer  solution  (KRP). 
Thyroxine  eoneentration  in 
homogenate:  2X10~*  M.  In 
tis.sue-free  system,  2.5  fi\.  thy¬ 
roxine  were  diluted  into  2  ml. 
KRP. 


.sy.stems  is  unknown,  and  the  possibility  that  it  was  hydroxylated  to  yield 
serotonin  coidd  not  be  excluded. 

The.se  compounds  exhibited  .some  degree  of  specificity  with  regard  to  the 
structure  of  the  .substrate  who.se  metabolism  they  modified,  since  no  effect 
on  the  deiodination  of  the  iodotyro.sines  was  ob.served.  The  findings  sup¬ 
port  the  view  that  in  the  liver,  iodotyro.sines  and  iodothyronines  are  metab¬ 
olized  by  separate  systems. 

The  present  studies  have  not  elucidated  the  mechanism  whereby  this 
alteration  in  the  metabolism  of  thyroid  hormones  was  brought  about.  It 
seems  unlikely  that  inhibition  of  deiodination  resulted  from  a  toxic  action 
of  these  compounds  on  oxidative  metabolism,  since  some  of  the  o-hydrox- 
ylated  compounds  found  to  be  active  in  this  system  did  not  depre.ss  the 
initial  rate  of  oxygen  consumption  in  rat  kidney  .slices  (24).  Furthermore, 
indole,  which  was  found  to  be  highly  toxic  to  rat  kidney  .slices  (24),  had  no 
effect  on  the  deiodination  of  T4  by  tadpole  liver  homogenates. 

It  also  seemed  po.ssible  that  the  effects  of  tryptophane  derivatives  in 
tissue  systems  might  be  related  to  their  inhibitory  action  on  the  changes  in 
T4  which  occur  when  the  hormone  is  diluted  from  a  concentrated  organic 
solution  into  an  aqueous  medium.  Under  the.se  conditions  I‘^‘-labeled  T1 
undergoes  some  chemical  alteration  resulting  in  the  formation  of  a  com¬ 
pound  which  appears  chromatographically  identical  to  inorganic  iodide. 
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Tliis  compound  does  not  in  fact  seem  to  he  iodide  since  at  certain  pi  I 
values,  the  T4  reappears  with  time.  At  pH  7.4,  however,  the  recombination 
is  relatively  slight  (27).  Furthermore,  the  reformation  of  T4  can  he  achieved 
virtually  instantaneously  hy  the  addition  of  adecpiate  concentrations  of 
xerum  proteins  (29).  In  the  present  experiments,  these  observations  were 
confirmed.  It  was  also  found  that  hvdroxylated  derivatives  of  tryptophane 
which  inhibited  the  degradation  of  T4  also  prevented  this  reversible  chemi¬ 
cal  alteration  of  T4  in  simple  buffer  media.  The  mechanism  of  this  inhibi¬ 
tion  is  not  clear  .since  the  nature  of  the  unstable  product  formed  from  T4  is 
unknown.  Nevertheless,  it  is  possible  that  the  apparent  inhibition  of 
deiodination  pixKluced  by  an  active  compound  of  this  series  might  be 
a.ssociated  with  its  ability  to  prevent  this  alteration  of  T4.  Several  mecha¬ 
nisms  may  have  been  in  operation.  First,  much  of  the  radioactivity  which 
appeared  as  iodide  on  chromatograms  of  ti.s.sue  homogenates  may  merely 
have  been  reversibly  altered  T4.  Compounds  which  prevent  this  alteration 
would  thereby  appear  to  inhibit  deiodination.  This  possibility  was  elimi¬ 
nated  by  the  routine  addition  of  .serum  to  homogenates  at  the  end  of 
incubation.  This  served  to  restore  any  reversibly-altered  T4,  leaving  only 
iodide  which  had  resulted  from  the  deiodinating  action  of  ti.s.sue  systems. 

Second,  it  is  possible  that  the  ti.s.sues  might  preferentially  deiodinate  the 
unstable  product  of  T4,  and  again,  inhibition  of  its  formation  would  result 
in  an  overall  inhibition  of  deiodination.  This  .seems  unlikely,  since  both 
reserpine  and  tryptamine  depre.s.sed  deiodination,  but  had  no  effect  on  the 
spontaneous  alteration  of  T4  in  buffer  .systems.  Admittedly,  however,  these 
compounds  may  have  released  or  been  changed  to  others  which  did  in  fact 
inhibit  the  spontaneous  change.  Of  greater  importance  is  the  observation 
that  serotonin  retained  its  iidiibitory  action  on  deiodination  even  in  the 
presence  of  agents  such  as  glutathione,  which  them.selves  prevented  the 
reversible  alteration  of  T4  but  did  not  decrease  the  formation  of  iodide  (80). 

Finally,  these  compounds  might  prevent  deiodination  by  forming  a  com¬ 
plex  with  the  substrate.  However,  this  hypothetical  complex,  if  present, 
did  not  prevent  the  formation  of  either  origin  material  or  T.\4,  nor  did  it 
alter  the  chromatographic  mobility  of  T4. 

The  present  findings  permit  certain  inferences  to  be  drawn  concerning 
the  way  thyroid  hormones  are  deiodinated.  Pathway  A  in  Figure  9  presents 
the  u.sual  view  concerning  the  deiodination  of  iodothyronines  and  the 
formation  of  origin  material.  Here  deiodination  directly  yields  deiodinated 
compounds  and  inorganic  iodide,  and  the  latter  is  then  oxidized  and  or- 
ganified  to  produce  origin  material  (81).  However,  recent  studies  from  this 
laboratory  .suggest  that  this  is  not  the  ca.se,  since  added  inorganic  I'"*'  was 
not  organified  by  ti.s.sues  capable  of  producing  origin  material  during  the 
metabolism  of  T4.  These  findings  will  be  discu.ssed  in  detail  elsewhere  (82). 
Since  serotonin  decreases  the  disappearance  of  T4,  abolishes  the  appearance 
of  iodide  and  enhances  the  formation  of  origin  material,  direct  release  of 
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Fig.  9.  Possible  pathways  for  tlie  me¬ 
tabolism  of  thyroxine.  'r4 — thyroxine; 
T.\4 — tetraiodothyroaeetie  aeid;  DF — 
deiodinated  forms;  ().\I — origin  material; 
1~ — iodide;  X — oxidizial  intermediate. 


inorganic  iodide  seem.s unlikely.  Deiodination  pathway  B  depict. s  the  liypoth- 
e.sis  at  present  under  con.sideration  in  thi.s  laboratory.  Here,  X  is  viewed 
as  a  po.ssible  oxidized  intermediate  capable  of  iodinating  protein  or  alterna¬ 
tively  of  being  reduced  to  inorganic  iodide.  The  action  of  serotonin  could 
be  explained  if  it  inhibited  pathway  B,l.  Di.sappearance  of  T4  and  genera¬ 
tion  of  inorganic  iodide  would  be  decreased  and  the  formation  of  origin 
material  increased.  However,  since  some  of  the  tryptophane  derivatives 
(e.g.  .5-HL\.\  and  xanthurenic  acid)  decrea.se  the  metabolism  of  T4  and 
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Fig.  10.  Structural  formulae  of  various  metabolites  of  tryptophane  (taken  from 
Lindsay,  R.  H.  and  S.  B.  Barker;  Endocrinology  65:  679.  1959). 
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•educe  tlie  formation  of  origin  material  and  iodide  proportionally,  the 
possibility  that  these  compounds  also  directly  interfere  with  deiodination 
,)f  the  hormone  (pathway  B)  cannot  he  excluded. 

It  has  been  suggested  that  deamination  may  be  a  prerecpiisite  for  the 
leiodination  of  the  thyroid  hormones.  Several  findings  in  the  present 
experiments  suggest  that  this  is  not  the  case,  provided  that  observations  in 
the.se  in  vilro  systems  reflect  in  vivo  events.  If  deamination  must  precede 
deiodination,  then  the  effect  of  .serotonin  on  the  metabolism  of  T4  might  be 
explained  by  an  inhibition  of  the  degradation  of  TA4  (pathway  5B,1),  .such 
as  .serotonin  did  in  fact  produce.  Under  these  circumstances,  however,  a 
con.siderable  accumulation  of  TA4  would  be  expected,  since  addition  of 
large  amounts  of  stable  TA4  did  not  inhibit  the  formation  of  labeled  TA4 
from  T4  in  the.se  preparations. 

On  the  other  hand,  it  might  be  reasoned  that  serotonin  also  inhibits  the 
deamination  of  T4,  thereby  further  decreasing  the  degradation  of  the 
hormone.  While  this  po.s.sibility  cannot  be  excluded,  the  increased  appear¬ 
ance  of  TA4  in  the  pre.sence  of  serotonin  would  suggest  that  if  deamination 
of  T4  had  been  inhibited,  degradation  of  TA4  must  have  been  iidiibited 
more. 

Finally,  further  evidence  that  T4  can  be  deiodinated  directly  is  provided 
l)y  the  effects  of  serotonin  on  the  formation  of  origin  material.  This  com¬ 
pound  enhanced  the  formation  of  origin  material  from  T4,  but  not  from 
T.V4.  If  T4  has  to  be  deaminated  to  TA4  before  deiodination,  then  similar 
proportions  of  origin  material  would  be  expected  to  appear  when  either 
compound  is  employed  as  substrate. 

The  ability  of  .serotonin  to  enhance  the  appearance  of  TA4  has  aff  orded 
an  opportunity  to  rea.s.se.ss  the  (piestion  of  whether  TA4  can  be  formed  from 
i)-T4.  Previous  work  had  indicated  that  TA4  was  readily  formed  by  rat 
kidney  preparations  from  l-  but  not  from  i)-T4  (88).  However,  in  the  pre.s- 
cnt  experiments,  in  which  .serotonin  was  employed,  two  dimen.sional  chro¬ 
matography  indicated  that  TA4  was  formed  from  both  n-  and  l-T4  in  ho¬ 
mogenates  of  tadpole  liver  and  mouse  kidney. 

.Vlthough  serotonin  and  related  indoles  have  been  found  to  have  a  variety 
of  pharmacological  actions,  their  functions  in  vivo  are  unknown  (84,  8o, 
No  effects  of  the.se  compounds  on  the  metabolism  of  thyroid  hormones 
ind  iodine  in  vivo  have  as  yet  been  described.  In  the  present  experiments, 
deiodination  in  vitro  was  not  influenced  significantly  by  the  administration 
>f  derivatives  of  tryptophane  in  vivo.  Since  the.se  compounds  are  rapidly 
Metabolized  and  excreted,  they  may  possibly  have  exerted  transient 
fleets  which  went  undetected.  However,  re.serpine  is  thought  to  release 
crotonin  from  a  bound  form  in  certain  ti.ssues,  thereby  making  po.ssible 
oth  its  intracellular  action  and  metabolic  degradation  (2o).  This  com- 
‘ound  is  known  to  have  a  prolonged  effect  in  vivo  and  in  the  present  experi- 
lents  it  produced  a  marked  depression  of  in  vilro  deiodination  when  admin- 
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istered  to  mice  or  tadpoles.  In  view  of  this,  it  is  of  interest  that  reserpine 
has  been  found  to  exert  a  variety  of  effects  on  thyroid  function  and  meta¬ 
bolic  status  in  man  and  animals  (2(),  37,  3S,  39),  and  in  recent  experiments 
has  been  shown  to  retard  acutely  tlie  rate  of  T4  turnover  in  thyrotoxic 
patients  (40).  If  indeed  the  action  of  reserpine  on  the  deiodination  of  T4 
and  its  analogues  is  related  to  its  effects  on  indole  metabolism,  then  the 
possibility  that  these  compounds  may  play  a  role  in  the  regulation  of 
thyroid  hormone  economy  is  wortliy  of  further  study. 

The  present  findings  have  revealed  that  certain  compounds  whicli  were 
known  to  interfere  with  an  action  of  T4  in  vitro  also  iidiibit  its  degradation 
to  inorganic  iodide  by  mammalian  and  amphibian  tis.sues  in  vitro.  Although 
some  of  the  derivatives  which  were  active  on  tissue  respiration  had  no 
effect  on  deiodination,  it  is  possible  that  this  discrepancy  may  be  due  to 
differences  in  experimental  conditions  in  the  two  sy.stems.  Thus,  a  liigher 
concentration  of  botli  sul)strate  and  inhibitor  were  employed  in  the  respira¬ 
tion  experiments.  Furthermore,  these  experiments  were  continued  for  3 
days,  during  which  time  considerable  metabolism  of  the  inhibitors  may 
have  taken  place.  However,  it  appeared  that  the  o-hydroxylated  deriva¬ 
tives  of  tryptophane  were  the  most  active  compounds  in  both  .systems. 

These  findings  support  the  view  that  the  deiodination  of  the  thyroid 
hormones  may  be  closely  a.ssociated  with  its  biological  action.  However, 
the  significance  of  these  observations  in  elucidating  this  link  must  await  a 
demonstration  that  both  of  the  findings  bear  some  relation  to  events  which 
occur  in  the  whole  animal. 
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‘‘htituto  di  Simcioiica  Medica"  dell' I'niversitu  di  Xo/toli  {Italia) 
and  “Centro  per  lo  studio  delle  malattie  endocrine” 

ABSTRACT 

Tlio  autliors  liave  studied  tlu*  effeet  of  the  administration  of  aldosterone 
on  the  nuial  elearaneesof  1 7-liydroxyeortieosteroids,  17-ketosteroids,  dehydro- 
epiandrosteroiH'  and  androsterone  in  a  t?roup  of  normal  men  in  basal  eonditions 
and  under  administration  of  A('TH  or  eortisone. 

The  peeuliar  results  obtained  make  us  believe  that  the  aldosterone  may 
influenee  direetly  or  indireetly  the  eh'aranee  of  steroids  at  the  renal  level.  Sueh 
influenee  ean  be  hindered  by  AC'TH  or  eortisone.  Further  the  aldosterone 
may  act  on  the  metabolism  of  the  17-hydroxyeortieosteroids,  delaying  their 
reduetion  into  17-ketosteroids. 

IX  PREVIOUS  papers  (1,  2,  R,  4)  data  were  presented  coneerninfj;  tlie 
metabolic  l)eliaviour  and  the  renal  clearances  of  free  and  conjugated  17- 
hydroxycorticosteroids  (17-OlICS),  of  total  17-ketosteroids  (17-KS),  of 
dehydroepiandrosterone  (I)IOA)  and  androsterone  (AXD)  after  corticotro- 
phin  (ACTII)  test  with  delayed  absorption,  or  after  cortisone  administra¬ 
tion. 

The  blood  and  urinary  values  of  .steroids  found  in  patients  with  or  with¬ 
out  adrenocortical  disea.ses  make  us  suppose  that  the  values  of  free  and 
conjugated  17-()IICS,  total  17-KS,  DEA  and  AXD  and  their  clearances 
calculated  as  percentage  of  endogenous  creatinine  clearance,  depended  not 
only  on  adrenocortical  function,  but  also  on  .some  peripheral  factors  (renal, 
hepatic,  and  other  ti.s.sue)  influencing  the  inactivation  and  the  excretion  of 
the  hormones. 

Further  we  were  able  to  ascertain  the  primary  renal  function  after 
administration  of  a  strong  diuretic  (chlorotiazide  or  hydrochlorotiazide)  or 
of  aldosterone  on  the  clearances  and  on  the  blood  and  urinary  levels  of  the 
hormones  (4,  4,  o). 

The  present  paper  has  been  written  to  complete  the  previous  observa¬ 
tions  (.5)  by  a  stiuly  of  the  total  17-KS,  DEA  and  AXD,  and  of  free  and 
conjugated  17-OHCS  clearances  after  administration  of  aldosterone. 
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MATERIALS  AM)  METHODS 

Tlie  (‘xpt'rimi'iits,  which  in  i)art  repeat  the  previous  ones,  were  carried  out  on  IH 
normal  men  rangiiiK  in  age  from  20  to  30  years. 

The  renal  clearances  of  hormones  were  carrit'd  out  hy  determining  the  plasma  and 
urinary  levels  of  free  and  conjugated  17-OHC’S.  and  of  total  17-KS,  DKA  and  AXI), 
and  the  subsequent  calculation  of  the  clearance  in  relation  to  O-hour  periods,  according 
to  the  methods  previously  referred  to  (2,  3,  4).  Trine  was  collected  from  (5  to  12  a.m. 
The  blood  samples  were  taken  during  the  middle  of  the  urine  collection  period.  'I’he 
plasma  and  urinary  levels  of  free  and  conjugated  17-OH(’S  were  determined  by  our 
modification  (d)  of  the  techniciue  of  Xelson  and  Samuels  (17)  and  (llenn  and  Xelson 
(S).  The  i)lasma  and  urinary  17-KS,  DE.V  and  AXI)  w»‘re  measured  by  our  modifica¬ 
tion  (9)  of  the  method  of  Gardner  (10).  The  jjlasma  and  urinary  creatinine  was  meas¬ 
ured  by  the  method  of  Bosnes  and  Tousky  (11)  i)artially  modified  by  .\zerard  (12). 

riie  clearances  of  hormones  wen'  calcidated  in  ])ercentage  of  endogenous  creatinine' 
('learance. 

'rh('  clearance  tests  were  carric'd  out  on  4  diffe'rent  groups  of  i)atients.  First  group: 
The  experiments  were  carried  out  on  4  subjects  bi'fore  and  aft('r  administration  of  2  mg. 
of  aldost('rone.  The  clearam't's  of  frt'c  and  conjugate'tl  17-()H('S  and  of  total  17-KS 
were  calculated  over  pe'riods  of  six  hours  (from  b  to  12  o’clock  in  the  morning)  during 
two  consecutive  days.  The  aldosterone  was  administered  by  intramuseular  injection  at 
the  beginning  of  the  second  test. 

Second  group:  The  subjects  were  given  .\('TH  with  delayed  absor])tion  (in  phosphate 
of  imlyphloretine)  by  intramuscular  injection  according  to  tlu'  methods  mentioned  in 
our  previous  papers  (10  i.u.  every  six  hours  for  a  jM'riod  of  24  hours)  (2,  3.  4).  In  this 
way  we  could  have  high  and  constant  levc'ls  of  17-OH('S  and  17-KS  in  the  blood  of 
normal  individuals  even  9  hours  after  the  beginning  of  tn'atnu'nt. 

The  ch'arances  of  frc'c'  and  conjugatc'd  17-()H('S  and  of  total  17-KS  were  then'fore 
cal('ulat('<l  in  this  experiment  ov('r  tin'  last  two  pc'i  iods  of  six  hours  beginning  12  hours 
after  the  start  of  treatment  with  .\('TH. 

The  aldosterone  was  administen'd  in  a  dost'  of  2  mg.  by  intramuscnlar  injection,  at 
tlu'  beginning  of  the  last  |)eriod  of  the  expt'rinn'iit. 

Third  group:  4  patients  were  submitti'd  to  administration  of  cortisone  for  24  hours  in 
a  dose  of  25  mg.  every  3  hours  by  intramusi'ular  inji'ction  and,  as  in  the  exi)eriment  with 
.V('TH,  the  ch'arances  of  the  total  17-KS  and  free  and  conjugatt'd  17-()H(’S  were 
measured  during  the  last  two  pt'riods  of  d  hours.  Tlu'  aldosteroiu'  was  administi'red  in 
a  do.se  of  2  mg.  by  intramuscular  injection  at  the  Ix'ginning  of  the  last  ja'ilod  of  six  hours. 

Fourth  group:  The  blood  and  urinary  levels  of  DF.V  and  .VXD  have  been  tested  in 
4  subjects  before  and  after  administration  of  2  mg.  of  aldostt'rone. 

The  clearances  of  hormones  w('r('  calculati'd  by  the  sann*  nu'thod  as  (h'scribt'd  for 
the  first  group. 

RESULTS  AM)  DISCUSSION 

The  re.siilt.s  of  our  re.searches  are  .summarized  in  two  tallies  and  in  four 
figures. 

Tables  1  and  2  show  the  clearance  data  under  basal  conditions  or  after 
the  admini.st ration  of  ACTH  or  of  cortisone  (A)  and  the  clearance  data 
after  administration  of  aldosterone  or  aldosterone  plus  ACTH  or  aldoster¬ 
one  plus  corti.sone  (B).  The  values  are  calculated  in  percentage  of  endog¬ 
enous  creatinine  clearance.  The  results  show  that  the  administration  of 
aldosterone  causes  a  remarkable  decrease  in  the  clearance  values  of  free 
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Table  1 
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1 

i 

and  conjuKated  17-()HCS.  Also  the  clearances  of  total  17-KS  and  of  the 
fractions  Dl^A  and  AXl)  considerably  decrease  after  administration  of 
aldosterone,  although  to  a  lower  degree  compared  with  the  17-()HCS. 
Table  2  shows  also  that  the  decrease  of  the  DEA  clearance  is  somewhat 
greater  than  that  of  the  AXD. 

In  subjects  under  continuous  treatment  with  ACTH  or  cortisone,  the 
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[j  Fr(‘(>  17-OH(’S 
^  CoiijuKatt'd  17-OII(’S 
I  I'otal  17-KS 
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Fig.  1 

aldopsterone  injection  effects  a  moderate  decrease  in  tlie  17-OIICS  clear¬ 
ance  and  variation  in  17-KS  clearance  much  greater  than  in  the  controls. 

From  the.se  data  it  appears  that  aldosterone  influences  directly  or  in¬ 
directly  the  clearances  of  steroids  acting  on  the  kidney.  This  influence  can 
he  hindered  by  ACTH  and  corti.sone,  which,  as  has  been  mentioned  by 
other  authors  and  by  us  in  previous  papers,  can  act  on  the  kidney  increas¬ 
ing  the  clearance  of  water,  of  the  conjugated  17-OHCS  and  of  the  17-KS 
(1,2,  .1,4,  5,  i:i). 

In  Figures  1  to  4  the  behaviour  of  the  plasma  and  urinary  values  of 


Tabi.k  2 


AND  elear. 

DEA  clear. 

Patients 

%  creatinine  clearance 

%  creatinine  cU'arance 

3.2(» 

0.40 

'  R 

1  .30 

0.13 

2.00 

0.00 

2  R 

1  .20 

0.35 

o  A 

3.40 

1  . 10 

R 

1  .00 

0 .  .50 

3.00 

0.75 

^  R 

1  .30 

0.30 

A  =  .\XI)  and  1)E.\  before. 

R  =  .\ND  and  I)E.\  after  aldosterone. 
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steroids  shows  that  the  function  of  aldosterone  cannot  l)e  the  sole  one  we 
describe  previously.  From  the  figures  it  is  apparent  that  the  values  of  the 
endogenous  blood  free  and  conjugated  17-OIiCS,  obtained  after  adminis¬ 
tration  of  aldosterone  either  in  basal  conditions  or  while  under  continuous 
treatment  with  ACTH  or  cortisone,  increase  considerably  after  injection  of 
aldosterone. 

It  is  noticeable  that  the  plasma  and  urinary  levels  of  17-KS  after  ad¬ 
ministration  of  aldosterone  show  either  no  variation,  as  occurred  in  some 
subjects,  or  a  considerable  decrease  both  in  the  blood  and  in  the  urine,  al¬ 
though  a  constant  decrease  was  maintained  in  the  hormonal  clearances. 


m  ANt 
I  bEA 


Fig.  4 


These  modifications,  as  shown  in  Figure  4,  occur  in  both  fractions  of  the 
17-KS,  DEA  and  AND  we  have  studied,  but  the  variations  are  shown  in  a 
lower  urinary  excretion,  e.specially  for  DEA  which,  with  the  decrease  of  the 
f-learance,  tends  to  maintain  the  plasma  values  steady. 

In  previous  experiments  made  also  on  normal  subjects,  we  were  able  to 
lemonstrate  that  the  ACTH  administered  by  our  methods  could  main¬ 
tain  high  and  rather  constant  blood  levels  of  both  17-KS  and  17-()II-CS 
2,3,4). 

According  to  the  results  we  have  obtained,  aldosterone  seems  to  be  able 
o  affect  both  the  kidney,  delaying  the  clearances  of  the  steroids,  and  the 
letabolism  of  the  17-OH-CS,  delaying  their  conversion  to  17-KS. 


456 


JACONO  ET  AL. 


Volume  68 


Acknowledgment 

Aldosterone  monoaeetate  used  in  the  above  experiments  was  generously  supplied  by 
Cl  BA  (Basel). 


REFERENCES 


1.  Jacono,  G.,  Brancaccio,  B.  d’ Alessandro  and  R.  De  Luca:  Folia  Endocr. 
(Pisa)  10:  5.  1957. 

2.  Jacono,  G.,  A.  Brancaccio,  B.  d’Ale.ssandro  and  R.  De  Luca:  Folia  Endocr. 
(Pisa)  11:  78.  1958. 

3.  Jacono,  G.,  .\.  Brancaccio,  B.  d’.\les.sandro  and  R.  De  Luca:  Folia  Endocr. 
(Pisa)  12:  626.  1959. 

4.  Jacono,  G.,  Brancaccio,  B.  d’.\lessandro  and  R.  De  Luca:  Folia  Endocr. 
(Pisa)  12:  786.  1959. 

5.  Jacono,  G.,  A.  Brancaccio,  B.  d’.\lessandro  and  R.  De  Luca:  Boll.  Soc.  It.  Biol. 
Sper.  (Napoli)  35:  1639.  1959. 

6.  Brancaccio,  B.  d’.\lessandro  and  G.  Jacono:  Bioch.  Appl.  6:  377.  1959. 

7.  Nelson,  H.  H.  .\nd  J.  M.  Samuels:  J .  Clin.  Endocrinol,  and  .Met.  12:  510.  1958. 

8.  Glenn,  E.  M.  and  D.  H.  Nelson:  J.  Clin.  Endocrinol,  and  .Met.  13:  911.  1953. 

9.  d’.Vlessandro,  B.,  Brancaccio  and  G.  Jacono:  Bioch.  Appl.  6:  377.  1959. 

10.  Gardner,  L.  L:  J.  Clin.  Endocrinol,  and  .Met.  17:  941.  1953. 

11.  Bosnes,  R.  \V.  and  H.  H.  Tousky:  J.  Biol.  Chem.  158:  581.  1945. 

12.  Azerard,  E.,  H.  Lestradet,  Reimberg  and  J.  Giiata:  .Dm.  .Med.  54:  431.  1953. 

13.  Jacono,  G.,  Brancaccio,  B.  d’Alessandro  and  R.  De  Luca:  (in  press)  1960. 


EFFECT  OF  PITUITARY  HORMONES  UPON  SERUM 
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Medicine,  Columbia  l'niver,sitij,  College  of  Rhgsicians  and  Surgeons,  Xew  York,  .V. 

ABSTRACT 

A  previous  study  showed  that  the  injection  of  a  crude  extract  of  ho^  pitui¬ 
tary  glands  in  the  ra])l)it  causes  a  10-  to  15-foId  increase  in  the  serum  free  fatty 
acid  (FFA)  concentration  within  2  hours.  In  the  present  investigation  tlie  effect 
of  purified  preparations  of  9  i)ituitary  hormones,  including  tlie  recently  de¬ 
scribed  pituitary  component  “Fraction  H”  (which  has  previously  Imhui  sliown 
to  be  different  from  the  recognized  pituitary  hormones),  upon  the  rabbit’s 
serum  FF.\  level  was  studied.  The  following  hormone  prej)arations  were  found 
to  have  no  effect  upon  the  serum  FF.\  concentration:  bovine  CIH  (10  mj?.). 

TSH  (8.3  mg.),  prolactin  (10  mg.),  FSH  (10  mg.),  and  o.xytocin  (30  units).  The 
following  hormone  preparations  caused  a  modest  increase  in  the  rabbit’s  serum 
FF.\  level  2  hours  after  the  injection:  porcine  GH  (Raben-Westermever  prepa¬ 
ration)  (o  mg.),  ICSH  (10  mg.),  and  vasopressin  (40  units).  Purified  .VC’TH  and 
Fraction  H  w(>re  highly  active  in  increasing  the  rabbit’s  serum  FFA  concentra¬ 
tion.  .\fter  the  injection  of  0.25  mg.  or  more  of  purified  .V(’TH  or  of  Fraction 
II,  serum  FPW  concentration  increased  from  an  average  value  of  250  /ie(i./ 1, 
to  2000  to  3000  pcq./lj.  within  1  hour.  Higher  dosages  of  Fraction  H  caused  a 
prolongation  of  tlie  period  of  serum  FF.V  elevation,  and  the  ai)pearance  of 
lipemia  4  to  10  hours  after  the  injection.  The  present  .study  indicates  that  in  the 
fed  rabbit  Fraction  H  and  .VCTH  are  the  oidj’  identified  components  of  the 
pituitary  gland  that  are  highly  active  in  mobilizing  FhW  into  the  serum. 

STUDIES  by  many  inve.stigator.s  have  .sliown  tliat  the  pituitary  gland 
contains  .substances  which  mobilize  lipid  from  adipo.se  tissue  (1).  The 
mobilization  of  lipid  from  adipose  ti.ssue  to  the  liver  of  the  rat  has  been 
demonstrated  following  the  injection  of  crude  extracts  of  pituitary  gland 
(2,  3,  4).  An  increase  in  the  lipid  content  of  the  mouse’s  liver,  presumably 
due  to  the  mobilization  of  lipid  from  adipo.se  tissue,  has  been  observed  fol¬ 
lowing  the  injection  of  preparations  of  ACTII,®  (HI,  TSH  and  prolactin 
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mone. 


4.57 


458 


GIROLAMO.  Rl'DMAX,  REID  AND  SEIDMAN 


Volume  6S 


(5,  6).  Evidence  has  recently  been  presented  (7)  for  the  presence  in  the 
pituitary  gland  of  an  additional  lipid-mobilizing  component,  called  “Frac¬ 
tion  H,”  which  is  different  from  the  recognized  pituitary  hormones. 

The  role  of  circulating  free  fatty  acids  (FFA)  in  the  transport  of  lipid 
from  adipose  tissue  to  other  tissues  has  recently  been  recognized  (8).  Only 
a  few  studies  of  the  effect  of  the  pituitary  hormones  upon  the  mobilization 
of  FFA  have  appeared.  In  intact  fasted  monkeys  or  human  beings,  OH  pre¬ 
pared  from  primate  pituitary  gland  was  the  only  purified  pituitary  hor¬ 
mone  which  increased  the  serum  Fh'A  concentration  (9,  10,  11).  ACTII, 
however,  was  most  active  among  the  recognized  pituitary  hormones  in 
stimulating  the  release  of  FFA  from  rat  adipose  tissue  in  vitro  (12).  A  re¬ 
cent  study  in  this  laboratory  showed  that  the  injection  of  a  crude  extract  of 
pituitary  gland  in  the  rabbit  causes  a  10-  to  lo-fold  increase  in  the  concen¬ 
tration  of  serum  FFA  (13).  The  serum  FFA  level  was  found  to  increase 
within  2  hours  after  the  injection  and  to  remain  elevated  for  more  than  Ki 
hours.  An  increase  in  FFA  level  is  produced,  in  the  rabbit,  by  a  dose  of 
pituitary  extract  derived  from  as  little  as  0  mg.  of  lyophilized  pituitary 
gland  (14).  These  observations  suggested  that  measurement  of  the  effect 
upon  the  rabbit’s  serum  FFA  concentration  would  be  a  sensitive  method 
for  detecting  the  possible  lipid-mobilizing  action  of  any  of  the  pituitary 
hormones  in  this  species. 


MATERIALS  AND  METHODS 

Male  rabbits  of  mixed  strain  weighinji  3  to  4  kg.  were  used.  A  diet  of  Purina  ral)bit 
chow®  was  available  to  the  rabbits  at  all  times.  No  experiments  were  carried  out  on 
fasted  animals.  Blood  was  obtained  from  the  ear  vein  of  the  unanesthetized  rabbit. 

Preparations  of  bovine  TSH,  ovine  prolactin  and  FSH,  and  equine  K'SH  were  pur¬ 
chased  from  the  .\rmour  Pharmaceutieal  Co.  The  lot  numbers  of  these  i)reparations 
were  as  follows:  bovine  T8H.  .Vrmour  r37()7;  ovine  prolactin,  .\rmour  C10405;  ovine 
FSH.  Armour  R19911;  equine  ICSH.  Armour  ri09()4.  Commercial  |)rei)arations  of 
oxytocin  and  vasopressin  were  obtained  from  Parke.  Davis  and  Co.  Two  different  GH 
prejjarations  were  employed:  a  bovine  GH  preparation  (Armour  R5()109)  assaying  1.33 
C.S.P.  units/mg.,  and  a  porcine  GH  preparation  (Wilson  100152)  prepared  by  the 
Raben-Westermeyer  method  (15),  assaying  0.63  I'.S.P.  units  mg.  Three  different  prepa¬ 
rations  of  porcine  .\CTH  wen*  employed:  “elinical”  A('TH  (Wilson  109913)  with  a 
I)otency  of  3  units,  mg.;  and  2  different  samples  of  oxycellulose-purified  AC'TH  with 
potencies  of  90  units  nig.  and  126  units  mg.  respectively.  These  prejiarations  were 
kindh'  donated  by  Dr.  P.  H.  Bell  of  Lederle  Laboratories  and  Dr.  C.  E.  Graham  of 
Wilson  Laboratories.  Fraction  H  was  jirejiared  from  hog  pituitary  glands  by  the  method 
described  in  an  earlier  report  from  this  laboratory  (7).  Biologieal  assays  of  Fraction  H 
have  shown  that  it  contains  0.07%  TSH.  0.002%  oxytocin,  0.00005%  MSH,  and  no 
detectable  amount  of  ACTH.  GH.  prolactin,  FSH.  ICSH.  or  vasopressin  (7). 

Serum  FF.\  concentration  was  measured  by  the  method  of  Dole  (16),  and  serum 
triglyceride  concentration  by  the  method  of  Van  Handel  and  Zilversmit  (17). 

EXPERIMENTS 

In  the  first  .series  of  experiments  preparations  of  the  6  recognized  anterior 
lobe  hormones  were  tested  for  their  effect  on  the  rabbit’s  serum  FFA  con- 
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cent  ration  at  a  dosage  of  5  to  15  mg.  Fraction  H  was  tested  at  dosages  of  3 
and  5  mg.  The  posterior  lobe  hormones  oxytocin  and  vasopressin  were 
tested  at  dosages  of  30  and  40  units  respectively.  Each  rabbit  received  a 
.subcutaneous  injection  of  the  hormone  preparation  dissolved  in 
Samples  of  blood  for  determination  of  serum  FFA  concentration  were  ob¬ 
tained  immediately  before,  and  2,  4,  10  and  18  hours  after  the  injection. 

Serum  FFA  concentrations  of  untreated  fed  rabbits  were  found  to  range 
between  150  and  400  neq./h.  The  following  hormone  preparations  were 


Table  1.  Effect  of  bovine  GH,  bovine  TSH,  ovine  prolactin  and  bovine  FSH 

I  PON  THE  SERUM  F'FA  CONCENTRATION  OF  THE  RABBIT.  EaCH  RABBIT  RECEIVED 
A  SINGLE  SUBCUTANEOUS  INJECTION  OF  A  PITUITARY  HORMONE  PREPARATION 
IN  THE  DOSAGE  INDICATED  IN  THE  TABLE.  SeRUM  FF.\  CONCENTRATIONS 
M  ERE  .MEASI  RED  BEFORE  AND  AT  VARIOUS  TI.MES  AFTER  THE  INJECTION 


Material  injected 

N„.  ! 

Scrum  FF.\  concentration  (jieq./L.) 

1 

rabbits 

0  Hr. 

2  Hrs.  I  4  Hrs.  j 

10  Hrs.  j 

18  Hrs. 

10  mg.  bovine  GH 

5 

251  ±28* 

270  ±40  1  177  ±10  j 

210±41  1 

8.3  mg.  TSH 

4 

201  ±11 

247  ±18  j  192  ±73  ■ 

215  ±29  i 

10  mg.  Prolactin 

4 

100  ±20 

200  ±38  1  2.50  ±23 

.320  ±74  I 

10  mg.  FSH 

5 

201  ±15 

320  ±30  1  250  ±14 

1 

1  208  ±10 

!  305  ±24 

30  Units  Oxytocin 

4 

300  ±25 

2.50  ±15  1  340  ±28 

1  241  ±19 

j  301  ±42 

*  Mean  ±  standard  error. 


found  to  cause  no  change  in  the  rabbit’s  serum  FFA  concentration :  Bovine 
(iH  (10  mg.),  bovine  TSH  (8.3  mg.),  ovine  prolactin  (10  mg.),  ovine  FSH 
(10  mg.),  and  oxytocin  (30  units).  These  experiments  are  summarized  in 
Table  1. 

The  following  hormone  preparations  were  found  to  cau.se  an  increase  in 
the  rabbit’s  serum  FFA  concentration:  Porcine  (JH  (Haben-Westermeyer 
preparation),  etpiine  ICSH,  vasopressin,  porcine  “clinical”  ACTH  (3 
u.  mg.)  and  porcine  h'raction  H.  The  results  of  these  experiments  are 
shown  in  Table  2  and  may  be  summarized  as  follows:  (1)  Porcine  GH.  All 
3  rabbits  injected  with  10  mg.  of  the  porcine  OH  preparation  showed  a  5- 
to  9-fold  increa.se  in  .serum  FFA  concentration  2  hours  after  the  injection, 
and  the  serum  FFA  level  was  still  elevated  10  hours  after  the  injection. 
Two  of  3  rabbits  injected  with  5  mg.  of  porcine  OH  showed  an  increase  in 
serum  FFA  level  to  over  500  iieq.  L.  2  hours  after  the  injection.  (2) 
K’SH.  Three  of  4  rabbits  injected  with  10  mg.  of  the  equine  ICSH  prep¬ 
aration  showed  an  increa.se  to  over  .500  neq./L.  in  .serum  P'FA  concentra¬ 
tion  2  and  4  hours  after  the  injection.  The  injection  of  5  mg.  of  ICSH  in  4 
rabbits  had  no  effect  on  .serum  FFA  level.  (3)  Vasopressin.  Three  of  4 

*  Under  experiments.  Tfio  Raben-Westornieyer  porcine  GH  jirejianition  was 
dissolved  in  O.IN  NaOH  and  the  solution  then  adjusted  to  pH  8.5.  This  alkaline  solution 
was  then  injected  subcutaneously. 
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rabbits  injected  with  40  units  of  vasopressin  sliowed  an  increase  in  serum 
FFA  level  to  over  .500  Metp  L.  2  hours  after  the  injection.  In  all  3  of  these 
rabbits,  the  FFA  level  had  returned  to  normal  4  hours  after  the  injection. 
(4)  A(’TH.  The  injection  of  0.7  mg.  (20  units)  of  “clinical”  ACTH  caused 
an  S-  to  9-fold  increase  in  serum  FFA  concentration  2  hours  after  the  in¬ 
jection.  Following  the  injection  of  13.1  mg.  (40  units)  or  40  mg.  (120 
units)  of  “clinical”  ACTH,  serum  FFA  level  increased  9-  to  10-fold  at  2 
hours  and  was  still  elevated  over  800  neq.  L.  10  hours  after  the  injection. 
(.5)  Fraction  H .  The  injection  of  3  or  .5  mg.  of  Fraction  H  caused  an  8-  to  12- 
fold  increase  in  serum  FFA  concentration  2  hours  after  the  injection,  and 
the  serum  FFA  level  was  still  elevated  over  1100  neq./h.  10  hours  after  the 
injection. 


Table  2.  Effect  of  porcine  GH  (Raben-Westermeyer  type),  EgrixE  ICSH,  vaso¬ 
pressin,  PORCINE  “clinical”  ACTH,  AND  PORCINE  LraCTIOX  H  CPON  THE  > 

SERUM  FF.\  CONCENTRATION  OF  THE  RABBIT.  EaCH  RABBIT  RECEIVED  A 
SINGLE  SCBCITANEOUS  INJECTION  OF  A  PITUITARY  HORMONE  PREPA¬ 
RATION  IN  THE  DOSAGE  INDICATED  IN  THE  TABLE.  SeRUM  FFA 
CONCENTRATIONS  WERE  MEASURED  BEFORE  AND  AT  VARIOUS 
TIMES  AFTER  THE  INJECTION 


I  Serum  FF.\  coneentration  (/ipq./L.) 

Material  injei'ted  1 - j— - - - 1 - p 


0  Hrs. 

2  Hrs. 

4  Hrs. 

10  Hrs. 

18  Hr 

10  nig.  porcine  GH 

404 

2626 

2520 

2160 

2!t4 

266() 

2160 

1360 

400 

1060 

1734 

704 

mg.  porcine  GH 

306 

2170 

1866 

7()0 

254 

404 

-  404 

306 

400 

746 

666 

532 

10  mg.  ICSH 

266 

020 

060 

_ 

186 

202 

202 

280 

2(i66 

660 

386 

332 

1 700 

800 

400 

.5  mg.  ICSH 

174 

345 

232 

266 

2.54 

240 

214 

254 

254 

174 

200 

200 

240 

185 

185 

40  I’nits  vasopressin 

320 

(iOti 

400 

266 

426 

266 

800 

400 

214 

346 

320 

274 

214 

214 

160 

320 

1786 

374 

240 

320 

6.7  mg.  (20  C.)  .\CTH 

346 

2434 

2.54 

220 

372 

2560 

148 

— 

1.3.1  mg.  (40  r.)  ACTH 

254 

3040 

_ 

.334 

28()0 

2306 

— 

40.2  mg.  (120  r.)  .\CTH 

334 

2774 

2280 

2360 

214 

2732 

800 

3  mg.  Fraction  H 

202 

3226 

2134 

1786 

374 

2044 

1010 

1840 

?•  mg.  Fraction  H 

182 

2666 

2240 

1146 

534 

2400 

2134 

1466 
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Fig.  1.  Effect  of  AC'TH  (40  units)  and 
of  Fraction  H  (O.o  mg.)  upon  the  serum 
FFA  concentration  of  the  rabbit. 


Further  oh.servations  were  carried  out  on  the  effect  of  ACTH  and  of 
Fraction  H  upon  the  rabbit’s  serum  FFA  concentration.  It  was  found  that 
following  a  single  injection  of  20  units  or  more  of  clinical  ACTH,  or  of 
0.25  mg.  or  more  of  Fraction  H,  the  serum  FFA  level  began  to  increase 
within  30  minutes  and  reached  a  maximum  within  1  hour  after  the  injec¬ 
tion.  A  representative  experiment  is  illustrated  in  Figure  1. 

The  relationship  between  the  dose  of  ACTH  or  of  Fraction  H  and  the 
serum  FFA  concentration  of  the  rabbit  1  hour  after  the  injection  was  also 
studied.  In  the.se  experiments  2  different  samples  of  highly  purified  ACTH 
were  employed.  Table  3  shows  that  a  statistically  significant  increase  in 
serum  FFA  level  was  produced  by  as  little  as  0.119  mg.  (15  units)  of  Wilson 

T.\ble  3.  Effect  of  variocs  doses  of  o.xycel-purified  .\CTH  and  of  Fraction  H  upon 
SERUM  FFA  concentration  of  the  rabbit.  Two  different  preparations  of 
O.XYCEL-PURIFIED  ACTH  WERE  USED:  WiLSON  LOT  #105385  “oX YCEL-.\CTH” 

(126  units/mg.)  and  Lederle  lot  #Sl079-45  “yi  +  Ys  corticotropin,” 

(90  UNITs/mg.).  F^ach  rabbit  received  a  single  subcutaneous 
INJECTION  AND  WAS  BLED  1  HOUR  LATER  FOR  MEASUREMENT 
OF  SERI  M  FF.\  CONCENTRATION 


Material  injected 

Dose 

No. 

rabbits 

Serum  FFA  con¬ 
centration  (/leq./ 
L.)  1  hr.  after 
injection 

None  (Control  group) 

— 

10 

228  ±  7* 

Oxvcel  .\CTH  (Wilson) 

0.238  mg.  (30  U.) 

0 

2340+215 

0.119  mg.  (15  U.) 

5 

823+329 

0.040  mg.  (  5  U.) 

5 

!  230  ±  23 

Yi  +  Y2  Corticotropin  (Lederle) 

0.330  mg.  (30  U.) 

3 

2012+430 

0.165  mg.  (15  U.) 

4 

1344  ±431 

0.055  mg.  (  5  U.) 

4 

627  ±181 

0.0275  mg.  (  2.5  U.) 

3 

244 ±  26 

Fraction  H 

1 .00  mg. 

4 

2656  ±287 

0..50  mg. 

8 

2802  ±215 

0.25  mg. 

7 

2506  ±181 

0.125  mg. 

4 

1666  ±227 

0.0625  mg. 

4 

287 ±  82 

0.0313  mg. 

4 

320+  26 

*  Mean  ± standard  error. 
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oxycel-ACTH,  by  as  little  as  0.055  mg.  (5  units)  of  Lederle  71-I-72  cortico¬ 
tropin,  and  by  as  little  as  0.125  mg.  of  Fraction  H.  In  the  case  of  each  of  the 
ACTH  preparations,  increases  in  dosage  from  5  to  30  units  resulted  in  pro¬ 
gressively  higher  levels  of  serum  FF.\  1  hour  after  the  injection.  A  similar 
relationship  between  response  and  dose  was  observed  following  the  injec¬ 
tion  of  0.0025  to  0.25  mg.  of  Fraction  H.  Further  increases  above  0.25  mg. 
in  the  dose  of  Fraction  H  or  above  30  units  of  ACTH  did  not  result  in  a 
further  increase  of  statistical  significance  in  the  serum  FFA  concentration  1 
hour  after  the  injection. 

The  effect  of  the  intravenous  injection  of  glucose  upon  the  response  of 


Tablk  4.  Effect  <if  Fraction  H  on  serlm  concentrations  of  FF.\  and  triglyceride. 
Each  rabbit  received  a  single  scbcctaneous  injection  of  Fraction  H  in 
THE  DOSAGE  INDICATED  IN  THE  TABLE.  SeRL'.M  CONCENTRATIONS  OF  FF.\  AND 
TRIGLYCERIDE  WERE  MEASURED  BEFORE  AND  AT  VARIOUS  TIMES 
AFTER  THE  INJECTION 


Scniiii  conciMitratioiKs  of  FF.\  (/icq./L.) 
iDjc  tcil  _ an.I  tri-,»lyceride  (mj.%) 


0  Ur.  1 

2  Hrs. 

1 

4  Hr.«.  ; 

10  Hrs. 

18  Hr.«. 

0.25  mg. 

FF.\  (/i<*q./L.) 

374 

2000 

000 

374 

374 

T(i  (mg.%) 

25 

31 

34 

14 

32 

0.50  mg. 

FF.\  (/luq./L.) 

214 

2840 

1 052 

202 

454 

TG  (mg.%) 

24 

13 

40 

34 

24 

1 .0  mg. 

FF.\  (/uPii./L.) 

180 

2800 

2500 

400 

000 

T(;  (mg.%) 

30 

30 

37 

56 

45 

2.0  mg. 

FF.\  (/ico./L.) 

2.54 

2020 

"  2020 

480 

340 

Tt;  (mg.%) 

0  4 

84 

270 

132 

31 

1200 

3 . 0  mg. 

FF.V  (Mvq./L.) 

374 

2044 

1010 

1  1840 

•H)4 

TG  (mg.%) 

01 

74 

172 

338 

the  rabbit’s  serum  FFA  level  to  Fraction  H  was  studied.  Four  rabbits  re¬ 
ceived  0.5  gm./kg.  of  glucose  intravenously  5  minutes  before  the  sub¬ 
cutaneous  injection  of  0.5  mg.  of  Fraction  H.  It  was  found  that  the  serum 
FF.\  concentrations  of  the.se  rabbits  1  hour  after  the  injection  of  Fraction 
II  did  not  differ  from  those  of  a  group  of  rabbits  treated  with  Fraction  II 
alone. 

The  effect  of  different  doses  of  Fraction  II  upon  the  serum  concentrations 
of  FF.V  and  triglyceride  during  the  18-hour  period  following  the  injection 
was  studied.  Following  a  pre-injection  bleeding,  each  of  5  rabbits  was  in¬ 
jected  .subcutaneously  with  a  dose  of  Fraction  II  varying  from  0.25  to  3.0 
mg.  Fach  rabbit  was  then  bled  2,  4,  10  and  18  hours  after  the  injection  for 
measurement  of  serum  FFA  and  serum  triglyceride  concentrations.  The  re¬ 
sults  are  shown  in  Table  4.  The  .serum  FFA  concentration  of  all  5  rabbits 
2  hours  after  the  injection  was  in  the  range  of  2600  to  3000  neq./L.  In  the 
rabbits  who  received  2.0  mg.  or  less  of  Fraction  H,  serum  FFA  level  had 
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declined  to  400  /xeq./  L.  or  less  10  hours  after  the  injection.  In  the  rabbit 
who  received  8.0  mg.  of  Fraction  H,  serum  FFA  concentration  remained 
elevated  over  1200  /ue(j.  L.  for  at  least  18  hours  after  the  injection.  In  those 
rabbits  who  received  2.0  mg.  or  more  of  Fraction  II,  lactescence  of  the 
and  an  increase  in  serum  triglyceride  concentration  was  observed 
beginning  4  hours  after  the  injection. 

DISCUSSION 

A  previous  investigation  showed  that  injection  of  a  crude  extract  of 
pituitary  glands  in  the  rabbit  causes  a  rapid  rise  in  serum  FFA  concentra¬ 
tion  (18).  The  data  in  Tables  1  and  2  suggest  that  ACTII  and  Fraction  II 
are  chiefly  responsible  for  this  effect. 

The  TSII,  prolactin  and  P''SII  preparations  had  no  effect  upon  the  rab¬ 
bit’s  serum  FFA  concentration  at  do.'^ages  (8-10  mg.)  80  to  00  times  greater 
than  the  smallest  effective  dose  of  Fraction  H  (0.125  mg.)  or  of  ACTII 
(0.055-0.1 19  mg.).  The  ICSH  preparation  had  no  effect  at  a  do.sage  (5  mg.) 
40  times  the  smallest  effective  dose  of  Fraction  II  or  of  ACTII,  but  did 
cau.se  an  increase  in  FFA  level  at  a  dosage  (10  mg.)  80  times  the  smallest 
effective  do.se  of  Fraction  II  or  ACTII.  Inasmuch  as  the  commercial  ICSH 
preparation  employed  in  this  study  contains  non-ICSII  impurities,  it  is  not 
po.ssible  to  know  whether  this  low  activity  of  the  ICSH  preparation  in 
raising  the  rabbit’s  serum  FFA  concentration  represents  an  effect  of  ICSH 
itself,  or  an  effect  of  some  non-ICSH  “contaminant”  such  as  ACTII  or 
Fraction  H  pre.sent  in  the  ICSH  preparation.  Similar  considerations  apply 
to  the  interpretation  of  the  effect  of  the  vasopressin  preparation  upon  the 
rabbit’s  serum  FFA  concentration.  Further  ob.servations  with  more  highly 
purified  preparations  of  ICSH  and  of  vasopres.sin  will  be  re(iuired  in  order 
to  learn  whether  the  effects  observed  in  this  study  following  the  injection 
of  commercial  preparations  of  the.se  hormones  repre.sent  intrinsic  biologic 
properties  of  ICSH  and  vasopressin. 

A  bovine  GH  preparation  with  a  GH  potency  of  1.88  U.S.P.  units/ mg. 
had  no  effect  upon  the  rabbit’s  serum  FFA  concentration  at  a  dosage  of  10 
mg.  A  porcine  GH  fraction,  prepared  by  a  different  method  (method  of 
Haben  and  Westermeyer)  (15)  than  the  bovine  GH  .sample,  and  pos.se.ssing 
a  GH  potency  of  0.68  U.S.P.  imits/mg.  produced  an  increase  to  over  1900 
/iCq./L.  in  the  serum  FFA  level  of  all  8  rabbits  who  received  a  10  mg.  do.se, 
and  in  1  of  8  rabbits  who  received  a  5  mg.  dose.  Two  interpretations  of  the 
re.sults  with  these  GH  preparations  are  po.ssible.  The  effect  of  the  Raben- 
Westermeyer  type  porcine  GH  preparation  may  be  due  to  a  non-GH  im¬ 
purity  in  this  preparation.  Inasmuch  as  porcine  and  bovine  GH  are  known 
to  differ  in  chemical  structure  (10),  it  is  also  po.s.sible  that  the  porcine  GH 
molecule  may  stimulate  the  release  of  FFA  from  the  rabbit’s  adipose  tis.sue, 
while  the  bovine  GH  molecule  may  lack  this  biological  effect.  P’urther  in¬ 
formation  on  this  point  can  be  gained  by  repeating  these  experiments  with 
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more  highly  purified  porcine  GH  preparations  and  with  porcine  GH  frac¬ 
tions  prepared  l^y  methods  different  from  the  Haben-Westermeyer  method. 

ACTH  and  Fraction  H  were  found  to  he  highly  active  in  causing  an  in¬ 
crease  in  the  rabbit’s  serum  FPW  concentration,  which  was  apparent  within 
RO  minutes  after  injection  and  which  reached  a  maximum  value  within  1 
hour.  With  amounts  of  ACTH  ranging  between  5  and  30  units,  or  of  Frac¬ 
tion  H  between  0.0625  and  0.25  mg.,  the  maximum  level  of  F'PW  attained 
was  related  to  the  dosage.  Further  increases  in  the  do.sage  of  ACTH  or 
F'raction  H  caused  no  further  increase  in  FFA  concentration  but  prolonged 
the  period  during  which  the  F'FA  level  remained  elevated.  This  plateau 
level  was  always  in  the  range  of  2000  to  .3500  neq.,  L. 

It  thus  appears  that  the  pituitary  gland  contains  2  different  substances 
(ACTH  and  the  active  component  in  Fraction  H)  which  exert  a  similar 
effect  upon  the  serum  FFA  level  of  rabbits.  The  possibility  that  the  FFA- 
mobilizing  activity  of  these  2  preparations  may  represent  the  action  of  the 
same  substance  is  ruled  out  by  the  absence  of  any  detectable  amount  of 
.\CTH  in  F'raction  H  (7),"  and  by  the  documented  high  degree  of  chemical 
purity  of  the  .\CTH  preparation  used  (Lederle  7-corticotropin)  (19).  The 
similarity  in  the  effect  upon  the  rabbit’s  lipid  metabolism  of  .\CTH  and  of 
the  active  component  in  Fraction  H  suggests  a  possible  relationship  in  the 
chemical  structure  of  these  2  pituitary  substances,  such  as  exi.sts  in  the  case 
of  ACTH  and  MSH,  both  of  which  contain  an  identical  sequence  of  amino 
acids  which  is  responsible  for  the  similar  effect  of  these  2  hormones  upon 
the  melanocyte  (20). 

Table  3  shows  that  the  minimum  amounts  of  highly  purified  ACTH  and 
of  Fraction  H  required  to  produce  an  increase  in  the  serum  FFA  concen¬ 
tration  of  the  rabbit  are  of  the  same  order  of  magnitude.  One  gram  of 
lyophilized  hog  pituitary  gland  is  known  to  contain  approximately  2  mg.  of 
pure  .\CTH  (20).  Inasmuch  as  5-8  mg.  of  Fraction  H  can  be  isolated  from 
this  weight  of  pituitary  gland  by  the  methods  presently  employed  (7,  14), 
it  is  apparent  that  this  fraction  is  respomsible  for  the  major  part  of  the 
activity  of  the  pituitary  gland  in  mobilizing  FFA  in  the  rabbit. 

.\n  earlier  study  in  this  laboratory  (21)  reported  that  oxycel-purified 
.\CTH  had  no  lipemia-producing  effect  in  the  rabbit  at  dosages  up  to  270 
units.  The  present  study  shows  that  this  ACTH  preparation  is  active  in 
mobilizing  FFA  in  the  rabbit.  If  the  mobilized  FFA  are,  as  seems  probable 
(13),  the  precursors  of  the  increment  of  triglycerides  which  appear  in  the 
rabbit’s  serum  several  hours  after  the  injection  of  suitable  doses  of  Frac¬ 
tion  H,  then  the  injection  of  suitable  doses  of  purified  ACTH  would  be  ex¬ 
pected  likewise  to  produce  lipemia  in  the  rabbit.  The  failure  to  produce 

^  Three  different  preparations  of  Fraction  H  were  assayed  for  ACTH  by  the  adrenal 
ascorbic  acid  depletion  method  (18)  during  the  course  of  this  study  and  in  each  assay 
no  .ACTH  activity  was  detected.  The  method  employed  would  have  detected  as  little 
as  0.04  unit/mg.  of  .ACTH  activity  in  Fraction  H. 
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lipemia  in  the  rabbit  by  the  injection  of  oxycel-purified  ACTII  in  the 
previous  study  (21)  may  be  related  to  tlie  brief  duration  of  tlie  liiological 
effects  of  this  ACTH  preparation.  It  is  possil)le  that  the  injection  of  a  re¬ 
pository  preparation  of  purified  ACTH,  or  repeated  injections  of  the  hor¬ 
mone  in  aqueous  solution,  will  be  found  to  produce  lipemia  in  the  rabbit. 
Investigation  of  this  point  is  now  in  progress. 

The  present  study  indicates  that  in  the  fed  rabbit  Fraction  II  and  AC'TH 
are  the  only  identified  components  of  the  pituitary  gland  that  are  highly 
active  in  mobilizing  FhW  into  the  serum.  No  generalizations  are  possible 
from  these  observations,  however,  concerning  the  effect  of  the  individual 
pituitary  hormones  upon  the  mobilization  of  P'FA  in  other  species.  It  is  also 
possible  that  other  pituitary  hormones  may  affect  the  distribution  of  lipid 
in  the  animal  body  by  mechanisms  other  than  the  mobilization  of  FhW  in 
the  fed  animal.  Further  investigations  are  recpiired  to  consider  these  points. 
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SOME  FACTORS  INFLUE^XMNG  THYROTROPIN 
RELEASE  IN  THE  RABBIT 
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ABSTRACT 

Tho  influence  of  a  number  of  biologically  active  coinixmnds,  many  of  them 
naturally  occurring,  on  thyrotropin  secretion  in  the  rabbit  has  been  investi¬ 
gated.  The  technique  used  involved  microinjection  of  thes(‘  agents  into  iliscnde 
locations  within  the  hypothalamus  and  pituitary  and  observation  of  the  eff(‘ct 
of  such  microinjections  on  the  thyroidal  release  of  I**'. 

Of  the  thyroxine  analogs  tested,  n-thyroxine  and  tetraiodothyroacetie  acid 
were  found  to  have  no  inhibitory  influence  on  thyrotroj)in  secretion  in  the  large 
doses  employed.  It  is  concluded  that  their  effect  on  the  feedback  control  of 
thyroid  hormone  .secretion,  if  present  at  all,  is  slight.  Both  L-thyroxine  and 
1,-triiodothyronine  were  capable  of  inhibiting  thyrotropin  release. 

■Veetylcholine  injected  directly  into  the  i)ituitary  or  I.V.  inhibited  thyro¬ 
tropin  release  as  did  the  injection  of  j)urifi(><l  substance  P  into  the  region  of  the 
mamillary  body  and  ventromedian  hypothalamic  nucleus,  (lamina  amino 
butyric  acid  and  serotonin  were  without  effect  in  any  location. 

Of  three  catechol  hormones  naturally  occurring  in  the  hypothalamus  only 
adrenaline  was  able  to  reflexly  inhibit  the  rate  of  thyroid  hormone  release  sig¬ 
nificantly.  S\’stcmic  reserpinization  resulted  in  delay  of  thyroid  secretion  but 
did  not  affect  tbe  response  to  hypothalamic  microinjection  of  adrenaline. 

No  evidence  was  found  to  support  the  concept  of  a  hyiiothalamic  thyroxine 
“receptor”  and  the  hazards  of  relatively  large  injection  volumes,  .02  ml.,  an* 
depicted  with  railioautographic  studies. 

PREVIOUSLY  Euler  and  Holmgren  have  advanced  evidence  indicat¬ 
ing  that  the  thyroxine  “receptor”  mechani.sm  mediating  inhibition  of 
thyrotropin  release  reside.s  specifically  within  the  anterior  lobe  of  the 
pituitary  gland  (1,  2).  In  addition  they  showed  that  inhibition  of  thyro¬ 
tropin  relea.se  could  be  elicited  by  microinjections  of  adrenaline  into  the 
mammillary  body  even  though  the  same  amount  of  adrenaline  injected 
directly  into  the  pituitary  exerted  no  effect. 

The  acetic  acid  analog  of  thyroxine,  triiodothyroacetic  acid,  and  clo.sely 
related  tetraiodothyroacetie  acid  (TETRAC)  have  arou-sed  much  interest 
since  they  have  been  found  to  occur  naturally  (3).  It  seemed  pertinent  to 
determine  whether  or  not  they  were  capable  of  inhibiting  thyrotropin  re¬ 
lease  after  direct  injections  into  the  pituitary  in  relatively  large  doses  even 

Received  July  20,  1960. 
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thoug:h  their  effects  on  goiter  prevention  are  small,  about  a  tenth  that  of 
triiodothyronine  (8,  4),  and  their  effects  on  metabolism  correspondingly 
low  (o,  ()).  In  addition,  Greene  and  Farran  have  concluded  that  in  the 
human  n-thyroxine  will  inhibit  thyrotropin  release  since  the  uptake  of 
radioiodine  is  greatly  inhibited  and  hormonal  secretion  from  the  thyroid 
slightly  suppressed  l>y  a  dose  of  1  mg.  day  of  u-thyroxine.  They  found  no 
effect  on  oxygen  consumption  from  this  dose  and  concluded  that  n-thy- 
roxine  was  not  more  than  one  tenth  as  active  in  this  respect  as  the  L-isomer 

(7). 

The  ability  of  adrenaline,  reflexly,  to  inhibit  thyrotropin  release  follow¬ 
ing  microinjections  into  the  mamillary  body  is  also  of  interest  since  a  num¬ 
ber  of  investigators  have  reported  the  presence  of  other  catechol  amines, 
nor-adrenaline  and  dopamine,  in  the  central  nervous  system,  with  rela¬ 
tively  great  concentrations  in  the  hypothalamus  (8,  9  10). 

Systemic  reserpinization  is  known  to  deplete  catechol  stores  and  gives  an 
80%  depletion  of  nor-adrenaline  in  the  rabbit  brain  for  at  least  10  tlays 
(11).  Whether  or  not  such  a  depletion  has  any  effect  on  reflexes  mediated 
by  the  catechols  in  the  hypothalamus  is  not  known  however.  The  inhibi¬ 
tion  of  thyrotropin  release  following  microinjections  of  adrenaline  into  the 
hypothalamus  appeared  to  be  a  useful  system  to  study  in  this  regard. 

5-Hydroxytryptamine  (serotonin)  (12,  18),  substance  P  (14)  and  gamma 
amino  butyric  acid  (GABA)  (lo)  all  occur  naturally  with  relatively  high 
concentrations  in  the  central  nervous  system.  Substance  P  and  serotonin 
have  their  greatest  concentrations  in  the  hypothalamus  but  their  function 
in  this  location  is  largely  unknown.  Because  these  three  .substances  are  ac¬ 
tive  biologically  it  was  of  interest  to  learn  whether  or  not  they  could  affect 
thyrotropin  secretion. 

Acetylcholine  was  of  interest  for  two  reasons.  Abrahams  and  I’ickford 
have  shown  acetylcholine  to  be  capable  of  stimulating  the  neuro.secretion 
of  antidiuretic  hormone  (10).  This  action  could  be  antagonized  by  a<lrenal- 
ine.  Secondly  Soderberg  has  shown  that  acetylcholine  will  stimulate  the  re¬ 
lease  of  tagged  hormone  directly  from  the  thyroid  gland  (17).  The  effect,  if 
any,  of  acetylcholine  on  thyrotropin  relea.se  has  not  been  determined. 

There  is  good  evidence  that  in  the  rabbit  under  proper  experimental  con¬ 
ditions  the  rate  of  relea.se  of  P*'  from  the  neck  accurately  mirrors  the  re¬ 
lease  of  tagged  hormone  from  the  thyroid  gland.  In  addition,  changes  in 
this  release  rate  are  effected  maiidy  through  fluctuations  in  the  pituitary 
secretion  of  thyrotropin  (18).  Therefore  the  P®‘  neck  release  curve  has  been 
the  method  employed  in  this  study. 

M.\TERI.\LS  AND  METHODS 

To  permit  rejM^ated  mieroinjeetions  into  siven  intracranial  sites,  metallic  guides  and 
eannulae  were  chronically  imjilanted,  under  anesthesia,  into  the  crania  of  adult,  healthy 
female  rabbits.  Stereotaxic  coordinates  as  described  by  Sawyer,  Eyerett  and  Green 
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(19)  were  used  after  orienting  the  head  so  that  the  horizontal  plane  of  tangents  obtained 
at  the  bregma  point  of  the  rabbit  skull.  This  procedure  has  been  described  in  detail 
before  (1).  The  cannulae  used  in  this  study  were  similar  to  those  used  by  Euler  and 
Holmgren  with  the  minor  modification  of  using  a  polyethylene  cuff  to  join  the  tij)  of 
the  microinjection  syringt'  and  the  proximal  end  of  the  indwelling  cannula.  The  end 
was  fashioned  to  jirotrude  slightly  from  tin*  head  of  the  cannula.  This  can  be  seen  clearly 
in  Figure  1 . 

Cannulae  were  left  in  place  for  as  long  as  (i  months  and  during  that  time  no  sepsis 
or  dislocation  of  them  was  noted.  Microinjections  were  made  slowly  through  the  cannu¬ 
lae  using  about  20  sec.  to  inject  the  standard  injection  volume  of  .002-.()0:i  ml.  .\11  injec¬ 
tions  were  made  in  untreated,  fully  conscious  animals.  The  first  injection  in  any  series 
was  larger  than  those  following  it  by  the  volume  of  the  cannula,  .001 -.002  ml.  Either 
.001  X  HCl.  .01. 5X  NaOH  or  40%  propyelene  glycol  was  used  as  dihient.  Solutions  were 
kept  cool  and  mixed  directly  before  each  exj)eriment.  Purified  substance  P,  3  units  /xg. 
was  injected  immediately  after  mixing,  since  it  is  known  to  be  highly  unstable  in  the  i)uri- 
fied  form  and  the  less  purified  forms  have  been  found  by  (iuillemin  to  stimulate  the  re¬ 
least*  of  adrenocorticotrophic  hormone  (20).  During  the  course  of  the  expi'riments  the 
animals  were  kei)t  at  a  constant  environmental  temperature  of  29°  C. 

The  location  of  the  “guide”  and  cannula  ti|)s  was  identified  by  X-ray  and  confirmed 
at  the  conclusion  of  a  series  of  experiments  on  given  rabbits  by  microscoi)ic  study  of 
stained  sections  of  the  ai)i)ropriate  block  of  brain.  The  position  of  the  pituitary  cannulae* 
was  ch(*ck(*d  by  dissecting  away  the  brain  overlying  the  gland  in  situ  and  insi)(*cting  the 
position  of  the  tip  with  a  dissecting  microscoja*. 

1'^',  .5-10  /ic,  was  injected  subcutan(*ously  and  measurements  of  radioactivity  of  the 
neck  region  begun  about  4S  hours  later.  Positioning  of  the  rabbit’s  h(*ad  and  neck  in  rela¬ 
tion  to  the  scintillation  counter  was  standardized  as  highly  as  possible  using  the  ham¬ 
mock  and  head  clamp,  as  previously  d(*scrib(*d  (1).  Several  pr(*liminary  measurements 
wen*  made  and  tin*  “ideal”  position  checked  by  r(*i)lacing  the  head  in  its  holder  after 
.5,009  counts  had  b(*(*n  made.  .\t  least  10,000  counts  were  made  at  each  determination  of 
neck  activity.  If  the  values  before  and  after  h(*ad  r(*placement  differed  significantly  tin* 
counting  procedure  was  prolong(*d  to  100,000  counts  to  minimize  any  g(*ometric  error 
in  the  neck  position.  Tin*  neck  activity  thus  obtained  was  corrected  for  background  ac¬ 
tivity,  physical  d(*(*ay  of  the  isotojie  and  n*cording  (*fticiency.  This  latter  was  deriv(*d 
by  n*f(*r(*nce  to  a  Sc'*'  standard  of  .5  pc  activity  with  a  half  life  of  33  years.  This  stand¬ 
ard  has  pr(*viously  b(*<*n  shown  to  be  comparable  in  elficiency  to  an  I'**  standard  (1). 
\Vh(*n  neck  activity  (*xi)n*ss(*d  as  iH*r  (*t*nt  of  gr<*at(*st  activity  was  plott(*d  logarithmically 
against  tiim*.  rel(*as(*  of  activity  from  the  neck  region  t)ccurred  linearly.  P(*ripheral  actions 
of  agents  and  nonspecific  solvent  eff(*cts  were  (*xcluded  by  ai)i)ropriate  control  periods, 
as  indicated. 

It  was  felt  n(*(*('ssary  to  obtain  .some  id(*a  of  the  volunn*  of  brain  pt“netratt*d  by  such 
microinjections  before  vascular  absorption  occurred.  ,V  number  of  rabbits  were  exsan¬ 
guinated  by  oja-n  cardiotomy  under  an(*sth(*sia  an  hour  after  microinjections  of  radio- 
thyroxine  in  dilute  pro|)ylene  glycol  had  been  made  in  the  usual  manner.  No  significant 
activity  remained  at  the  ar(*a  of  the  cannula  tip  or  elsewhere  in  the  brain.  Th(*refon*  two 
rabbits  wen*  exsanguinated  under  anesthesia  and  microinjections  made  immediately  in 
a  manner  identical  to  that  us(*d  in  the  release  curve  exi)eriments  but  using  .02  ml.  in  one 
rabbit  and  .003  ml.  in  the  other.  The  brain  was  then  freed  and  an  ai)propriate  block 
fixed  in  10%  formalin  after  counting  through  a  3  mm.*  ap(*rture  had  revealed  the  |)res- 
t*nce  of  significant  radioactivity  in  the  vicinity  of  the  injection  site,  .\fter  24  hours  fixa¬ 
tion  there  was  only  a  minor  i)art  of  the  activity  found  in  the  formalin.  The  block  of 
brain  was  remov(*d  and  100  p  sections  were  cut.  These  were  applied  to  sensitive  X-ray 
film  with  a  thin  sheet  of  Mylar  polyester  film  (Du  Pont)  interposed  to  prevent  wetting 
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Fig.  1.  Sagittal  X-rays  of  the  rabbit  skull  showing,  above,  an  inserted  “guide”  before 
placement  of  the  indwelling  eannula  and,  below,  another  rabbit  after  plaeement  of  the 
indwelling  eannula  through  the  guide.  This  eannula  tip  rests  in  the  midportion  of  the 
mamillary  Ixxl}’. 
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of  the  X-ray  film.  After  exposure  for  16  days  the  films  were  developed  and  the  tissue  sec¬ 
tions  dried  and  stained  for  histological  stud}'. 

RESULTS 

Injections  of  L.-thyroxine  and  analogs. 

For  .simplicity  the  number  of  experiments  and  the  number  of  animals 
used  in  each  instance  are  de.signated  by  the  numerals  following  each  ex¬ 
perimental  situation.  Thus,  “L-thj  roxine,  2  jug  3-4  hours,  injected  into  the 


Fig.  2.  Release  curve  showing  the  effect 
of  intrapituitary  injections  of  serial  doses 
of  2  ng,  of  L-thyroxine,  n-thyroxine  and 
TETR.\C  in  an  identical  location  in  the 
same  rabbit.  Insert  diagram  shows  loca¬ 
tion  of  the  cannula  tip. 


pituitary,  7,o”  refers  to  7  experiments  on  5  rabbits  and  “Similar  amounts  of 
TKTHAC,  4,2’’  refers  to  4  experiments  on  2  rabbits  etc. 

L-thyroxine,  2  3-4  hours,  when  injected  directly  into  the  pituitary  in 

7  experiments  on  5  rabbits,  7,o,  resulted  in  prompt  and  clearcut  inhibition 
of  thyrotropin  release.  This  dose  of  L-thyroxine  almost  equals  the  rate  of 
endogenous  thyroxine  secretion  for  the  rabbit  suggested  by  Brown-Clrant 
(21)  and  was  used  in  the  rabbits  in  this  study  since  no  inhibition  was  noted 
when  the  same  amount  was  injected  subcutaneously  3  times  at  3  hour  in- 
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tervals.  It  is  considered  to  be  verj’  close  to  the  threshold  for  systemic 
effect. 

As  seen  in  Fij?ure  2,  similar  amounts  of  TETHAC,  4,2,  and  n-thyroxine, 
4,2,  exerted  no  such  inhibiting  effect  after  injection  in  the  same  locations 
even  though  an  intact  feedback  system  could  later  l)e  demonstrated  with 
subcutaneous  doses  of  50  mS  n-thyroxine  or  50  mK  triiodothyronine  and  with 
pituitary  injections  of  2  mK  of  triiodothyronine,  4,2. 

Two  MS,  5-4  hours  of  L-thyroxine  injected  into  the  mammillary  body,  4,4, 
ventromedian  hypothalamic  nucleus,  5,5,  and  amygdaloid  nucleus,  1,1,  did 


Fig.  3.  Diagrammatic  representation  of 
cannula  locations  in  tlie  thyroxine  experi¬ 
ments.  The  amygdala  is  not  shown.  -|-  indi¬ 
cates  an  area  responding!;  to  L-thyroxine 
and  —  locations  which  did  not  respond  to 
L-thyroxine. 

VM  H — ventromedian  hypothalamic 

nucleus 

CH — optic  chiasm 
III  V — third  ventricle 
M — mamillary  body 
1)S — dorsum  sellae 


not  affect  the  release  curve.  Figure  5  summarizes  the  locations  of  the  can¬ 
nula  tips  in  the  thyroxine  experiments. 

Injections  of  catechol  hormones. 

Adrenaline,  .2  gg  2  hours,  injected  into  the  mammillary  body,  7,5,  was 
followed  by  a  clearcut  inhibition  of  thyrotropin  release.  As  depicted  in 
Figure  4,  this  was  also  true  when  a  similar  amount  was  injected  near  or 
into  the  ventromedian  nucleus  of  the  hypothalamus,  4,5.  Xor-adrenaline 
and  dopamine  in  .similar  amounts,  .2  mK  2  hours,  exerted  no  such  effect  in 
either  mammillary  body,  2,2,  or  the  ventromedian  nucleus,  1,1.  The  slight 
deviation  .seen  in  the  slope  of  the  release  curve  in  Figure  4  is  not  con.sidered 
significant  since  the  curve  does  not  revert  back  to  its  original  slope  after 
nor-adrenaline  administration  is  completed.  A  summary  of  the  locations 
u.sed  is  given  in  Figure  5,  the  po.sitive  areas  indicating  .sites  of  adrenaline 
response. 

None  of  these  three  catechol  hormones  exhibited  any  effect  when  in¬ 
jected  directly  into  the  anterior  pituitary,  4,2,  or  into  the  amygdaloid 
nucleus,  1,1. 

Intravenous  reserpinization,  known  to  deplete  the  rabbit  brain  of  S0%  of 
its  nor-adrenaline  for  periods  of  at  least  10  days  (11),  was  carried  out  in  4 
rabbits  using  an  I.V.  dose  of  1  mg./kg.  body  weight.  In  5  of  the  4  reserpin- 
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ized  rabbits  tlie  onset  of  release  of  tagged  hormone  from  the  thyroid  follow¬ 
ing  I''’*  administration  was  delayed  for  3S  hours,  occurring  about  86  hours 
after  the  administration  of  I'®'  rather  than  at  the  rabbit’s  usual  time  of  48 
hours.  During  the  ten  day  nor-adrenaline  depletion  period  following  reser- 


I - 1 - 1 - 1 - 1 - 1 

40  6  0  8  0  100  120  140 

Hours  following  administration 

Sotv»NA 


Fig.  4.  Rolcaso  curvos  of  a  rabbit  with 
tlie  canmila  tip  resting  in  the  vontromodian 
luicleus  of  tiu'  hypothalamus  as  depictod  in 
the  inset  diagram.  The  nor-:idrenaline  ef- 
feet  is  eonsideretl  to  lie  slight  or  absent 
sinee  the  slope  of  the  release  does  not  re¬ 
vert  after  eonelusion  of  n<»r-adrenaline  in¬ 
jections. 


pinization  the  inhibition  of  thyrotropin  release  elicited  by  adrenaline  in  the 
mammillary  body  and  hypothalamus  was  pre.served,  2,2. 

Substance  I*. 

Substance  P,  a  naturally  occurring  compound  probably  polypeptide  in 
nature  displays  potent  smooth  muscle  stimulating  properties  and  is  known 
to  have  a  higher  concentration  in  the  hypothalamus  than  in  any  other  part 
of  the  body  (14).  It  was,  therefore,  interesting  to  find  that  after  injections  of 
.3  juR  3-4  hours  of  purified  substance  P  into  the  mammillary  body,  6,5,  and 
ventromedian  nucleus  of  the  hypothalamus,  5,4,  the  pituitary  release  of 
thyrotropin  was  inhibited.  As  seen  in  Figure  6,  this  same  effect  could  not 
be  produced  with  subcutaneous  doses  of  the  same  amount  nor  did  sys¬ 
temic  reserpinization  affect  this  respon.se,  2,2.  Xo  effect  was  obtained  with 
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substance  P  in  the  pituitary,  2,2,  or  amygdaloid  nucleus,  1,1.  In  one  ex¬ 
periment  neck  readings  were  carried  out  every  5  min.  for  an  hour  and  a  half 
following  the  injection  of  sub.stance  P  into  the  mammillary  body.  This  did 
not  reveal  any  short  term  release  of  activity  from  the  neck  preceding  the 
inhibition  nor  was  the  release  curve  displaced  dowjiward  as  would  be  the 
case  with  significant  acute  release  of  tagged  hormone  from  the  thyroid.  The 
time  resolution  of  the  relea.se  curve  is,  however,  not  favorably  suited  for 
demonstrating  short  term  reactions. 

Acetylcholine. 

.Vcetylcholine  was  of  iiiterest  for  the  reasons  mentioned  previously, 
namely  that  it  is  known  to  .stimulate  the  neurosecretory  relea.se  of  anti- 

+ 


Fig.  .5.  Location  of  sites  fjiviiiK  inhibi¬ 
tion.  after  micro-injections  of  adrena¬ 
line  and  loeations  not  reaetiiiff.  — ,  to  the 
same  do.s»‘.  Tlie  amygdala  is  not  sliown. 
.''ymbols  are  the  same  as  those  in  Figure  3. 


diuretic  hormone  after  the  injection  of  200  mK  into  a  carotid  loop.  This  ac¬ 
tion  is  antagonized  by  2  )ug  adrenaline  injected  into  the  loop  (10).  Secondly 
1  Mg  acetylcholine  is  known  to  stimulate  the  thyroidal  release  of  tagged  hor¬ 
mone  in  the  anesthetized  cat  after  I.V.  injection  (17).  In  the  rabbits  used 
in  this  study  acetylcholine,  .4  mS-  2-3  hours  injected  directly  into  the  ante¬ 
rior  pituitary,  4,4,  inhibited  the  release  of  radioactivity  from  the  neck.  This 
dose  administered  subcutaneously  was  without  effect  as  shown  in  Figure 
7,  but  when  given  intravenously  did  con.sistently  inhibit  the  rate  of  release 
of  hormone  from  the  thyroid,  o,3. 

No  response  to  acetylcholine  was  elicited  after  injections  into  the 
mammillary  body,  2,2,  ventromedian  nucleus,  1,1,  or  amygdaloid  nucleus, 
1,1.  These  sites  are  depicted  in  Figure  <S. 

Gammn-aminobutyric  acid  (GABA)  and  serotonin. 

Both  of  the.se  substances  are  of  more  than  routine  interest  with  regard 
to  their  effects  in  the  central  nervous  system.  Because  of  its  great  concen¬ 
trations  in  the  brain  and  its  inhibitory  influence  on  some  peripheral  re¬ 
flexes  GABA  has  been  suspected  of  serving  a  fundamental  role  in  the  cen- 
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Fig.  7.  Release*  eurve  showing  the  effect 
of  acetylcholine,  injected  into  the 

pituitary  and  the  lack  of  (‘ffect  of  seroto¬ 
nin,  Ser.,  injected  in  tlie  same  location. 


Fig.  0.  Release  curve  depictinp;  delay  in 
onset  of  I*”  release  following  systemic  res- 
erpinization  and  showing  the  effect  of  sub¬ 
stance  F.  Location  of  cannula  depicted  on 
inset. 


Soiv 


40  60  80  100  120  140  160  180 


Hours  following  I]3^  odministrotion 


Fig.  8.  Location  of  sites  giving  positive, 
-F,  and  negative,  — ,  effects  after  acetyl¬ 
choline  injections.  The  amygdala  is  not 
shown.  Sj’mbols  are  the  same  as  those  used 
in  Figures  3  and  5. 
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tral  nervous  system  (15).  The  exact  nature  of  such  a  role  is  not  clear  how¬ 
ever.  Serotonin  is  known  to  occur  widely  in  body  tissues,  and  its  concentra¬ 
tion  in  the  hypothalamus  is  exceedingly  high  (12,  Kl).  With  proper  dosages 
it  is  a  potent  constrictor  of  bronchi  and  pulmonary  vessels  (22). 

Each  of  these  substances,  GABA  and  serotonin,  was  without  effect  on 
the  release  curve  when  injected  in  .2-.5  fig  amounts  every  2-3  hours  into 
the  pituitary,  2,2,  ventromedian  nucleus,  1,1,  and  amygdaloid  nucleus,  1,1. 
The  lack  of  effect  of  serotonin  in  the  pituitary  is  seen  in  Figure  7. 

DISCUSSION 

The  results  of  this  group  of  experiments  confirms  the  earlier  conclusion  of 
Euler  and  Holmgren  that  in  the  rabbit  the  thyroxine  sensitive ‘‘receptor” 
mechanism  of  the  feed  back  system  lies  solely  within  the  anterior  pituitary 
(1,2).  The  dose  of  L-thyroxine  used  in  the  various  locations  in  this  work  is 
considered  a  maximal  one  for  this  purpose  since  it  is  almost  equivalent  to 
the  rate  of  endogenous  thyroid  hormone  secretion  described  by  Brown- 
Grant  (21).  It  was  nevertheless  without  effect  in  the  hypothalamus, 
mammillary  body,  amygdaloid  nucleus  and  subcutaneously. 

The  radioautographs  obtained  after  injection  with  .02  and  .00.1  ml.  of 
radiothyroxine  were  interesting  and  are  reproduced  in  Figure  0.  After  the 
larger  volume  it  was  clear  that  large  volumes  of  the  brain  stem  and  menin¬ 
ges  had  been  penetrated  and  that  extension  of  the  thyroxine  into  the 
ventricular  system  had  occurred.  The  smaller  volume  was  confined  to  a 
considerably  more  discrete  volume  within  the  brain  stem  parenchyma. 

Experimentally  there  has  been  much  use  made  of  the  technique  of  direct 
injection  of  material  into  the  parenchyma  of  the  brain  and  brain  stem 
(2.3,  24).  A  consistent  finding  has  been  the  rapid  absorption  of  substances 
so  injected.  This  has  led  Mims  to  suggest  that  fracture  of  the  ordinary 
barrier  between  the  cerebral  circulation  and  its  parenchyma  occurs  after 
such  injections  (24).  Another  consideration  of  concern  is  the  volume  of 
solution  injected.  A  common  volume  in  use  for  such  purposes  is  .02  ml.  in 
the  rat  brain  and  it  is  estimated  that  a  comparable  amount  in  the  adult 
human  brain  would  be  about  .50  ml.  (24).  The  volume  of  brain  penetrated 
by  a  given  volume  of  solution  before  its  absorption  is  largely  unknown  but 
nevertheless  is  essential  when  one  undertakes  the  study  of  functional  re¬ 
sponses  of  the  nervous  system  to  agents  injected  directly  into  it. 

Yamada  and  Greer  using  .02  ml.  containing  .25  ng  L-thyroxine  injected 
into  the  rat  hypothalamus,  have  described  a  thyrotropin  ‘‘zone”  in  that 
structure  as  being  sensitive  to  thyroxine  (25,  26).  In  the  rabbits  used  in 
this  study  the  posterior  portion  of  the  comparable  zone  in  the  rabbit  has 
been  injected  with  10  times  the  dose  they  employed,  but  using  only  one 
tenth  the  volume  of  solution  injected  by  them.  No  effect  was  found.  It 
seems  not  unlikely  that  in  their  rats  the  volume  of  brain  exposed  to  the  in¬ 
jected  agent  was  considerably  greater  than  the  nuclei  subjacent  to  the 
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Fig.  9.  Radioautographs  obtained  from  the  rabbit  brain  after  injection  of  .02  ml., 
top  and  .003  ml.  bottom,  of  radiothyroxine  into  the  hypothalamus.  Magnification  of 
both  pictures  is  the  same,  X6. 

cannula  tip  and  that  a  significant  amount  of  thyroxine  injected  under  such 
circumstances  might  have  occasionally  entered  the  pituitary  by  way  of  the 
hypophyseal  portal  system.  Such  an  explanation  does  not,  however,  ac¬ 
count  for  the  latency  of  8  hours  which  they  observed  between  hypo¬ 
thalamic  injection  and  thyrotropin  inhibition. 
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The  lack  of  effect  of  D-thyroxine  injected  into  the  pituitary  suggests 
that  the  suppressing  effect  of  this  compound  on  thyroidal  I‘*‘  uptake,  noted 
by  Greene  and  Farran  (7),  may  be  accomplished  by  peripheral  conversion  to 
the  L-isomer  or  may  in  part  be  a  result  of  competition  at  the  trapping  site 
by  iodide  supplied  from  the  deiodination  of  the  i)-thyroxine  administered 
to  their  patients.  The  lack  of  effect  of  TliTRAC  is  not  surprising  since  it  is 
in  keeping  with  its  relatively  minute  effect  on  goiter  prevention  (B,  4). 

The  thyrotropin  secretion  inhibiting  potentiality  of  adrenaline  injected 
into  the  mammillary  body  is  not  ecpialled  and  probably  not  shared  by  nor¬ 
adrenaline  and  dopamine  even  though  these  latter  two  substances  are 
known  to  occur  in  high  concentration  in  the  hypothalamus  (S,  9,  10).  This 
inhibition  appears  to  be  a  specific  function  of  adrenaline  when  compared  to 
these  other  naturally  occurring  catechol  hormones.  Since  nor-adrenaline  is 
known  to  function  both  as  an  adrenergic  transmitter  and  as  an  adrenaline 
precursor  it  is  tempting  to  speculate  that  nor-adrenaline  and  dopamine 
might  influence  the  pituitary  secretion  of  other  trophic  hormones.  It  is 
curious  that  substance  P  should  influence  thyrotropin  secretion  in  a  man¬ 
ner  similar  to  adrenaline  since  their  effects  elsewhere,  most  notably  on 
smooth  muscle,  are  roughly  antagonistic  (14). 

It  was  surprising  that  as  little  as  .4  )ug  of  acetylcholine  given  intrave¬ 
nously  would  inhibit  the  release  of  thyrotropin.  Since  the  release  curves  in 
these  instances  showed  no  significant  downward  displacement  preceding 
the  inhibition  it  seems  po.ssible  that  this  inhibition  is  mediated  by  a  direct 
effect  on  the  pituitary  such  as  that  seen  in  F'igure  7  following  the  injection 
of  acetylcholine  directly  into  the  pituitary. 

Since  Sbderberg  has  shown  an  exceedingly  abrupt  release  of  tagged  hor¬ 
mone  from  the  thyroid  following  the  intravenous  injection  of  acetylcho¬ 
line,  this  implies  the  action  of  acetylcholine  at  2  locations  in  the  thyroid 
pituitary  .system.  Because  of  its  poor  time  resolution  the  release  curve 
techni(jue  is  not  well  .suited  for  the  study  of  such  short  term  reactions,  how¬ 
ever. 
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ACID  soluble:  ribonucleotides  in  adrenal 

TISSUE  AFTER  HORMONAL  STIMULATION' 

SILVIO  FI  ALA  AND  WALTER  OLINSMANN 

Department  of  Pathology,  Columbia  L'niversity  and  Francis 
Delafield  Hospital,  Xeiv  York, 

ABSTRAC'T 

Ribonucleotide  coiniiosition  of  rat  adrenal  tissue  after  AC'l'H  stimulation 
was  studied  by  ion-exchange  chromatographj’.  One  hour  after  hormonal  ad¬ 
ministration,  a  pronounced  shift  of  ribonucleotides  to  a  high-energy  level  of 
phosphorylation  was  indicated. 

A  MODERATE  dose  of  the  Adrenocorticotropic  hormone  (ACTH)  of 
the  pituitary  stimulates  tlie  adrenal  cortical  cell  of  rat  very  quickly  to 
an  increased  synthesis  and  output  of  corticosteroids.  The  important  finding 
of  Haynes  (1)  that  cyclic  3',o^-ttdenylie  acid,  first  shown  by  Roll  and 
Sutherland  (2)  to  activate  phosphorylase  in  the  liver,  activates  also  pho.s- 
phorylase  in  the  adrenal  cortex  and  stimulates  the  .synthe.sis  of  cortico¬ 
steroids  (3)  seems  to  explain  this  phase  of  ACTH  action  on  the  adrenal 
gland.  Repeated  injections  of  the  hormone  lead  not  only  to  an  increased 
function  of  the  cortical  cell  hut  also  to  cytoplasmic  growth,  manifested  by  a 
striking  increase  in  the  concentration  per  cell  of  cytoplasmic  ribonucleic 
acid  (4,  5)  mainly  in  the  ergastoplasm,  and  also  by  the  increase  per  cell  of 
mitochondrial  and  ergastoplasmic  mass  (4). 

Although  the  ACTH  may  not  be  a  single  compound  (6)  and  its  effects 
may  be  evoked  by  different  components  of  the  hormone,  the  possibility 
exists  that  the  overall  process  of  adrenal  cortical  stimulation  by  ACTH  is 
mediated  through  a  central  factor  of  changed  level  and  distribution  of  acid 
soluble  ribonucleotides  induced  soon  after  hormonal  administration.  This 
assumption  appears  plausible  not  only  due  to  the  circumstance  that  these 
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®  Abbreviations  used: 

■VCTH,  adrenoeortieotrojjie  hormone;  RX.V,  ribonueleie  aeid;  I)X.\,  deoxyribo- 
nueleie  aeid;  AMR,  adenosine  monophosphate;  ADR,  adenosine  diphosjjhate;  .VTR, 
adenosine  triphosidiate;  (IMR,  guanosine  monophosphate;  GDR,  guanosine  dipho.s- 
j)hate;  GTR,  guanosine  triphosphate;  I'MR,  uridine  mono|)hosphate;  EDR,  uridine 
diphosphate;  I’TR,  uridine  triphosphate;  DRX,  diphosphopyridine  nucleotide;  TRX, 
triphosphopyridine  nucleotide;  HC’()0~  formate;  HC’lOi,  j)erehlorie  aeid;  FSH,  follicle 
'Stimulating  hormone;  TSH,  thyroid  stimulating  hormone;  GMR,  cytidinc  monophos¬ 
phate. 
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compounds  are  involved  in  basic  metabolic  and  synthetic  functions  of  the 
cell  and  that  some  of  them  are  precursors  at  the  diphosphate  level  (7)  in 
HXA  synthesis,  but  especially  on  the  basis  of  an  earlier  observation  made 
in  this  laboratory  (S)  of  a  sharp  decrease  in  the  optical  density  at  260  m/u 
of  neutralized  perchloric  acid  extracts  from  rat  adrenals  within  one  hour 
after  ACTH  application  (S).  Ascorbic  acid,  which  is  known  (9)  to  be  de¬ 
pleted  shortly  after  ACTH  application,  was  found  not  to  be  involved  in 
this  effect. 

MATERIALS  AXD  METHODS 

For  the  study  of  acid  soluble  ribonucleotides  the  method  of  anion-exchange  chro¬ 
matography  (10)  as  worked  out  bj'  Hurlbert  et  al.  (11)  was  chosen.  Adrenal  tissue  of  rats 
killed  one  hour  after  AC'TH  application  was  used  for  these  experiments.  The  conditions 
best  suited  for  the  sej)aration  of  ribonucleotides  from  rat  adrenal  tissue  were  established 
in  several  preliminary  runs,  and  it  was  found  that  8-10  gm.  of  tissue  was  needed  to  obtain 
a  clear  picture  of  the  nucleotide  composition  of  rat  adrenals;  consequently,  300  male 
Sprague-Dawley  rats  (av.  weight  230  gm.)  were  used  for  the  experiment.  Special  care 
was  taken  to  maintain  identical  conditions  for  the  control  and  experimental  groups  (each 
group  consisting  of  1.50  animals)  during  and  prior  to  the  experiment.  After  being  fasted 
for  18  hours,  the  animals  were  sacrificed  in  two  runs  (1.50  animals  run).  One  hun¬ 
dred  fifty  animals  were  injected  intraperitoneally  with  25  units  of  U.S.P.  Cortico¬ 
tropin  (Wilson);  1.50  animals  served  as  controls.  In  each  of  these  runs  the  animals 
were  further  subdivid(*d  into  groups  of  10  (5  experimental  and  5  control)  so  that  the 
weights  of  experimental-control  animals  in  any  one  group  differed  from  each  other  by 
not  more  than  ‘S%.  The  total  weight  of  the  adrenals  from  which  the  extract  was  made 
was  9.77  gm.  for  the  controls  and  9.82  gm.  for  the  injected  animals.  Injected  rats  wen* 
saerifieed  exactly  1  hour  after  injection,  and  within  the  same  half  hour  the  correspond¬ 
ing  controls  were  killed  in  order  to  avoid  any  possible  diurnal  variation  in  adrenal 
activity.  Cnder  chloroform  narcosis,  the  entire  glands  were  rapidly  excised  and  dropped 
into  licpiid  nitrogen.  The  time  interval  between  skin  incision  and  placement  of  adrenals 
into  liquid  nitrogen  was  .30-40  seconds.  The  tissue  was  kept  at  —15°  C  before  being 
extracted. 

Extraction  with  cold  (0-2°  (')  perchloric  acitl  and  ion-exchange  chromatography 
w(*re  carried  out  as  described  by  Hurlbert  et  al.  (11)  with  only  minor  changes.  A  Dowex 
1  column  (2()0-4()0  dry  mesh,  20X1  cm.)  was  prepared  in  the  HCO()“  form  and  used 
for  both  runs,  (“ontrol  run  jireceding  experimental.  Extracts  were  placed  on  the  col¬ 
umn  (0.4  ml.  mm.)  at  room  temperature  and  washed  on  with  distilled  water;  how¬ 
ever.  the  chromatograi)hic  separations  were  carried  out  in  a  cold  room  with  constant 
temperature  (2-.5°  C').  finger-feed  pump  (Sigmamotor  model  78,  Middleport,  N.  Y.) 
controlled  the  rate  of  flow  between  the  reservoir  flask  and  the  mixing  flask  (500  ml.). 
A  10  cc.  air  space  left  above  the  column  acted  as  a  second  mixer  and  aided  in  maintain¬ 
ing  a  steady  rate  of  elution  (0.5  ml.  min.).  Washed  tygon  tubing  and  ground  glass 
joints  were  used  throughout  the  experiment  and  5  ml.  fractions  were  collected  with  a 
volumetric  fraction  collector  (Gilson  Medical  Electronics,  Madison,  Wis.).  Elution 
ranges  were  starte(l  after  a  baseline  (E26o<0.0.50)  was  obtained  with  distilled  water 
and  were  changed  as  indicated  on  the  graphs  (IN  HCOOH,  4N  HCOOH,  4N  HCGOH 
-1-0.4N  HC'()()NH4  and  4N  HCOOH -p IN  IK'OONHff.  The  solutions  used  in  both 
runs  were  iflentical.  Tubes  were  read  in  a  Beckman  siiectrophotometer  within  four 
hours  after  collection. 

For  identification,  the  tubes  corresponding  to  the  peaks  were  collected  considering 
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the  ratio  of  275/260  m#i  absorption  at  acid  and  alkaline  pH,  and  were  lyophilized  and 
reehroniatopiraphed.  Free  bases  obtained  by  acid  (IN  HCl)  hydrolysis  were  identified 
by  paper  chromatography  in  an  isopropanol-HCl  system  (12). 

RESULTS 

Tlie  actual  pattern  of  .separated  acid-soluble  ribonucleotides  obtained  by 
recording  the  optical  density  at  200  ni/x  in  control  and  experimental  ad¬ 
renals  is  illustrated  in  Figure  1. 

The  overall  picture  shows  total  optical  density  at  260  niju  greatly  reduced 
1  hour  after  ACTH  administration,  in  accord  with  the  previously  made  ob- 
.servation  (8).  Planimetric  measurement  gave  the  ratio  of  control  to  ex¬ 
perimental  as  176:1 16.  This  is  due  chiefly  to  the  lo.ss  of  AMP.  Other  mono- 
pho.sphates  ((IMP  and  UMP),  corresponding  to  the  two  peaks  preceding 
.\I)P  in  the  graph,  are  also  decreased.  On  the  other  hand,  ADP  and  to  a 


Fig.  1.  Pattern  of  ribonucleotides  in  rat  adrenal  glands  1  hour  after  .\CTH  stimu¬ 
lation.  Ordinate:  E  =  optical  densitj’  at  260  m/i.  .\bscissa:  Tube  numbers  of  collectc'd 
eluent.  Tbe  two  unlabeled  peaks  preceding  ADP  correspond  to  UMP  and  GMP  respec¬ 
tively.  .Vbbreviation  UDP.\  stands  for  unidentified  uridine  compound  (8). 
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lesser  degree  GDP  are  increased  in  the  experimental  run.  ATP,  which  is 
quite  low  in  resting  tissue,  is  very  much  increased  as  the  result  of  hormonal 
stimulation,  while  a  relative  increase  in  GTP  and  UTP  is  even  more  con¬ 
spicuous  in  regard  to  the  circumstance  that  these  peaks  are  almost  unob¬ 
servable  in  the  control  run.  Changes  in  the  cofactors  DPN  and  TPN  could 
not  be  detected. 

DISCUSSION 

Observations  in  this  work  were  intended  to  obtain  a  general  picture  of 
acid-soluble  ribonucleotide  distribution  in  the  adrenal  gland  after  ACTU 
stimulation  without  reference  to  any  single  nucleotide  such  as  cyclic  3',5'- 
adenylic  acid,  although  the  latter  was  shown  (1,3)  to  play  a  special  role  in 
this  process.  This  limited  objective  yielded  results  of  a  .semi-quantitative 
nature  which  established  neverthele.ss  that  there  was  a  distinctly  changed 
proportion  in  the  amounts  of  mono-,  di-,  and  tri-phosphate  ribonucleo.sides 
one  hour  after  hormonal  administration.  The  main  effect  in  adrenals  in¬ 
duced  to  a  .sudden  outburst  of  activity  by  hormonal  stimulation  thus  seems 
to  be  a  shift  in  the  distribution  of  acid-.soluble  ribonucleotides  in  favor  of 
tho.se  at  a  high-energy  level  of  phosphorylation.  Increased  uptake  of  in¬ 
organic  phosphate,  observed  by  .several  authors  (13-15),  is  in  conformity 
with  the  formation  of  nucleotide  di-  and  tri-phosphates.  As  a  whole,  the 
(juantitative  differences  observed  between  resting  and  growing  tissues  (1(5- 
17)  in  regard  to  acid-soluble  ribonucleotides  are  even  more  pronounced  and 
have  a  much  more  uniform  character  in  a  hormone-stimulated  tissue. 
Finally,  con.sidering  the  fact  that  the  previously  mentioned  effect  of  ACTIl 
in  decreasing  the  optical  density  at  260  mu  in  neutralized  perchloric  acid 
extracts  was  .seen  to  occur  also  in  rat  ovary  after  FSH  stimulation  and  in 
rat  thyroid  after  application  of  TSH  (8),  one  can  assume  that  the  energiz¬ 
ing  of  ti.'^.sue  by  the  formation  of  high-energy,  phosphorylated  ribonucleo¬ 
tides  is  a  general  early  effect  of  anterior  pituitary  tropic  hormones  on  their 
target  organs  and  possibly  of  all  “tropic”  hormones,  if  one  may  judge  from 
the  findings  of  increased  levels  of  7-minute  hydroly.sable  phosphate  in  the 
acid  soluble  fraction  of  the  rat  uterus  after  injections  of  estradiol  and 
progesterone  (18). 
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ABSTRACT 

The  injection  of  parathyroid  extract  into  normal  and  parathyroideetomized 
rats  resulted  in  a  decrease  in  bone  matrix  hexosamine.  The  effect  was  noted 
more  promptly  in  the  parathyroideetomize<l  animals,  as  was  the  increase  in 
serum  calcium.  Formaldehyde  inactivated  extract  did  not  produce  a  similar 
decrease  in  the  level  of  matrix  hexosamine.  These  data  suggest  that  the  dis¬ 
solution  of  organic  bone  matrix  and  calcium  mobilization  are  closely  corre¬ 
lated  effects  of  parathyroid  hormone. 

IT  HAS  been  well  establi.shed  that  parathyroid  hormone,  PTH,  has  a 
direct  action  on  bone.  The  mechanism  of  its  action,  however,  remains 
unsettled.  One  theory  holds  that  the  hormone  causes  a  direct  dissolution  of 
the  mineral  phase,  possibly  through  the  accumulation  of  some  organic  acid 
or  chelating  .substance,  such  as  citrate  or  lactate  (1).  On  the  other  hand,  it 
has  been  propo.sed  that  the  hormone  cau.ses  a  lysis  of  the  organic  matrix  (2). 

Evidence  for  this  latter  theory  is  largely  histologic.  McLean  and  Bloom 
(8)  demonstrated  an  apparent  .simultaneous  di.ssolution  of  bone  salts  and 
matrix  when  animals  were  given  a  toxic  dose  of  parathyroid  extract,  PTE. 
Heller-Steinberg  (4)  found  concomitant  changes  in  bone  salts  and  ground 
substance  after  injection  of  PTE.  There  was  a  change  in  the  staining  of  the 
ground  substance,  which  was  interpreted  as  evidence  of  depolymerization. 
Engel  (2)  also  noted  an  increased  intensity  of  staining  of  the  ground  sub¬ 
stance  after  injection  of  the  extract,  which  was  felt  to  be  due  to  depoly¬ 
merization.  He  noted  an  elevation  of  the  seromucoid  hexose  in  the  treated 
animals,  and  suggested  this  was  derived  from  lysis  of  the  ground  .substance. 

Other  evidence  for  a  direct  action  on  bone  matrix  has  come  from  studies 
with  sulfur^-’.  This  isotope  labels  .sulfated  mucopolysaccharides.  Its  pre.s- 
ence  in  bone  has  been  demon.strated  by  radioautograph.  Both  Bradford. 
el  al.  (5)  and  Bronner  (b)  have  demonstrated  an  increase  in  serum  sulfur^' 
following  injection  of  PTE.  This  evidence,  however,  does  not  nece.s.saril} 
indicate  that  the  Lsotope  found  in  serum  comes  from  bone  matrix. 

Received  .\ugust  1,  1960. 
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The  present  investigation  was  designed  to  show  clianges  due  to  PTK  in 
the  organic  matrix  through  direct  chemical  measurement  of  one  of  its 
major  components,  hexosamine, 

METHODS  AXD  MATERIAL 

Male  rats  of  the  Osborne-Mendel  or  Wistar  strains,  weigliiiif?  100  to  300  grams, 
were  used.  Groups  of  animals  of  similar  weight,  age,  and  strain  were  used  in  individual 
experiments.  The  animals  were  fed  Purina  Rat  Chow  ad  lihidum  until  tlu>  time  of  the 
first  injection.  At  this  point,  in  some  experiments,  the  animals  were  placed  on  5% 
dextrose  in  water  until  the  termination  of  the  experiment.  In  other  cases,  the  animals 
continued  to  receive  rat  chow.  Rats  were  parathyroidectomized,  PTX,  by  electro¬ 
cautery.  The  animals  were  used  three  weeks  after  operation. 

Experimental  animals  received  parathyroid  extract*  subcutaneously  in  dividetl 
doses  as  indicated.  Control  animals  received  either  isotonic  saline,  or  the  solvent  in 
which  the  extract  was  dissolved  (.2%  Phenol,  1.0%  glycerol  in  distilled  water),  with 
bovine  albumin  added  in  an  amount  comparable  to  the  protein  of  the  extract.  In  the 
experiment  in  which  inactivated  hormone  was  used,  the  extract  was  treated  with  for¬ 
maldehyde  for  3  days  and  then  precipitated  and  washed  with  alcohol  and  ('ther  and 
redissolved  in  the  diluent.  The  dose  was  adjusted  to  contain  an  amount  of  i)rotein 
similar  to  that  which  the  experimental  group  received. 

■Vt  the  end  of  the  experimental  period  the  animals  wen*  anesthetizi'd  with  nembutal 
and  blood  was  drawn  from  the  abdominal  aorta  in  heparinizc'd  syringes.  Plasma  cal¬ 
ciums  were  determined  by  the  method  of  Kingsley  and  Robnett  (7).  The  seromucoid 
hexose  was  determined  as  described  by  Weimer  and  .Moshin  (8). 

After  the  animals  had  been  exsanguinated,  each  femur  was  removed  and  the  distal 
epiphysis  manually  separated  and  discarded.  All  remaining  coniu'ctive  tissue  and 
cartilage  were  meticulously  removed  with  sharp  instruments.  The  bones  were  fractunal 
and  the  marrow  carefully  removed  by  rinsing  with  saline.  Each  bone  was  acetom*  dried 
for  three  days  and  then  weighed. 

Each  dried  bone  was  decalcified  by  one  of  two  methods.  In  one  group  of  experiments 
the  bones  were  placed  in  2N  HC'l  in  95%  ethyl  alcohol  for  one  week.  In  other  groups  a 
saturated  solution  of  cthj-lenediamine  tetraacetic  acid,  EI)T.\,  was  used.  That  organic 
l)ortion  of  the  bone  remaining  after  demineralization  will  be  referreil  to  as  bone  matrix, 
which  is  composed  largely  of  collagen,  a  small  amount  of  elastin,  and  the  interstitial 
ground  substance,  .\mino  sugars  form  an  integral  part  of  ground  substance,  both  as 
constituents  of  mucopolysaccharides  and  soluble  mucoprotein.  The  matrix  was  dried 
and  weighed.  Each  specimen  was  then  placed  in  2  ml.  of  2N  HCl  in  a  stopi)ered  glass 
tube  and  hydrolyzed  for  15  hours  at  100°  C  either  in  an  oven  or  steam  bath.  The  hy¬ 
drolysates  were  filtered  and  brought  to  a  volume  of  10  ml.  Hexosamine  was  determined 
by  the  method  of  Boas  (9).  Bones  treated  by  the  methods  described  above  should  con¬ 
tain  little  serum.  The  hexosamine  content  of  similar  groups  was  essentially  the  same, 
regardless  of  the  method  of  demineralization  used.  This  evidence  would  indicate  that 
the  hexosamine  measured  was  bound  and  was  not  a  contaminant.  Thendore,  it  is  as¬ 
sumed  that  matrix  hexosamine  determination  under  these  conditions  is  a  s(“mi([uantita- 
tive  tool  for  measuring  changes  in  matrix. 

The  statistical  significance  of  the  differences  between  means  was  calculated  by  using 
Student’s  t  test  and  the  p  values  obtained  are  shown  in  the  figures. 


*  Kindlj'  supplied  by  Eli  Lilly  and  Company,  Indianapolis.  Indiana. 
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RESULTS 

Effect  of  PTE  on  matrix  hexosamine  in  normal  rats 

In  the  experiment  illustrated  in  F'igure  1,  groups  of  six  rats  (100-150 
gm.)  of  the  Wistar  strain  and  of  similar  age  were  given  either  100  units  of 
PTE  or  control  diluent  subcutaneously  every  two  hours  for  three  doses. 
They  were  maintained  on  5%  dextrose  in  water  during  the  experiment. 
There  was  a  highly  significant  decrease  in  the  matrix  hexosamine  24  hours 
after  the  last  injection  of  PTE.  There  were  no  significant  differences  be¬ 
tween  control  and  experimental  groups  at  3,  0,  and  12  hours.  Serum  cal¬ 
ciums  were  elevated  in  each  experimental  group  at  each  period. 

In  the  experiment  shown  in  Figure  2,  groups  of  six  rats  (200-250  gm.)  of 
the  Osborne-Mendel  strain  and  of  similar  age  received  either  50  units  of 
PTE  or  saline  control  injections  subcutaneously  every  2  hours  for  3  doses. 
The  PTX  rats  had  been  operated  upon  three  weeks  prior  to  the  experi¬ 
ment.  All  animals  were  given  rat  chow  and  water  ad  libitum  throughout 


3  HOURS  6  HOURS  12  HOURS  24  HOURS 


Fig.  1.  Tlu‘  effect  of  PTE  on  fioiu'  matrix.  Solid  liars  rejiri'sent  tlie  means  of  groups 
of  animals  receiving  control  diluent  and  cross  hatcln'd  bars  repres^-nt  means  of  groups 
receiving  PTE.  The  times  imlicated  are  hours  after  the  last  of  three  injections  of  the 
extract.  The  standard  error  of  the  mean  is  iiulicatcul  above  each  bar.  Statistical  sig¬ 
nificance  of  the  difference  between  the  nu'ans  of  the  control  and  experimental  groups 
is  shown  by  the  p  value  in  the  box  at  the  base  of  the  bars.  (N.S. — not  significant) 
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F'ig.  2.  The  response  in  serum  calcium,  matrix  hexosamine,  and  seromucoid  hexose 
of  normal  and  PTX  rats.  The  means  of  the  control  groups  are  rejjn'sentt'd  by  solid  bars, 
and  the  cross  hatched  bars  indicate  means  of  groups  receiving  P'PE.  'I’lu'  standard  (‘rror 
of  each  mean  is  indicated  above  the  bar. 

tlie  period.  In  the  normal  group  three  hours  after  the  last  injection  there  is 
neither  a  significant  change  in  the  .serum  calcium  nor  hone  matrix  hex¬ 
osamine.  At  21  hours,  however,  the  calcium  is  elevated  to  a  .significant  de¬ 
gree  and  the  hone  matrix  hexosamine  is  depressed  significantly  when  com¬ 
pared  to  the  control.  In  another  .somewhat  .similar  experiment  carried  out 
over  a  three  day  period,  not  .shown  here,  a  marked  depression  in  hone 
'iiatrix  hexosamine  was  noted  24  and  48  hours  following  the  final  injection. 
The  level  had  begun  to  return  to  the  control  level  at  72  hours.  Serum  cal- 
iums  were  not  measured  in  the  latter  experiment.  It  should  also  he  noted 
n  Figure  2  that  the  .seromucoid  hexose  of  the  treated  animals  is  signifi- 
antly  elevated  at  21  hours.  The  control  level  at  this  time  is  also  higher 
han  at  the  3  hour  experiment. 
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Ejjecl  of  PTE  on  matrix  hcxosamine  of  PTX  rats 

The  effects  of  PTK  in  PTX  rats  is  also  illustrated  in  Figure  2.  As  would 
be  expected,  the  serum  calcium  was  lower  in  the  control  groups  than  in 
normal  rats  and  responded  more  promptly  to  PTE.  The  elevation  in  cal¬ 
cium  found  after  injection  of  the  hormone  is  earlier,  3  as  compared  to  21 
hours  in  the  normals,  and  more  marked,  a  rise  of  44%  over  the  control  level 
at  3  hours  as  compared  to  14%  in  the  normals  at  21  hours.  It  should  be 
noted  that  the  decrease  in  bone  matrix  hexosamine  is  significant  at  3  hours 
in  this  group  of  rats.  This  earlier  change  parallels  the  earlier  change  noted 
in  the  calcium.  Also,  the  level  returns  toward  the  control  value  at  21  hours. 
The  seromucoid  hexose  is  not  significantly  elevated  in  the  PTE  injected 
group  until  21  hours  after  the  final  injection. 

Effect  of  formaldehyde  inactivated  hormone  on  matrix  hexosamine 

The  results  of  an  experiment  in  which  rats  (250-300  mg.)  of  the  Osborne- 
Mendel  strain  and  of  similar  age  received  either  .saline,  PTE,  or  formalde¬ 
hyde-inactivated  PTE  are  pre.sented  in  Table  1.  The  animals  used  were 
divided  into  groups  of  0.  Those  receiving  PTE  were  given  injections  of  50 
units  subcutaneously  every  2  hours  for  3  doses.  The  other  animals  received 
either  the  inactivated  extract  in  similar  do.sage,  or  .saline,  at  similar  times. 
They  received  rat  chow  ad  libitum  throughout  the  experiment.  The  serum 
calcium  is  elevated  only  in  the  PTE  treated  animals  at  24  hours.  No  de¬ 
crease  in  bone  matrix  hexo.samine  is  noted  until  48  hours  after  the  last  in¬ 
jection.  At  the  latter  time  the  PTE  treated  bones  contained  less  hexo.s¬ 
amine  than  the  control,  whereas,  at  the  same  time,  the  inactivated-PTE 
treated  group  actually  contained  more  than  the  control.  It  should  be  noted 
that  the  values  for  matrix  hexo.samine  are  higher  in  the  table  than  those 
values  shown  in  the  figures;  since,  in  the  table,  hexosamine  is  expressed 
in  terms  of  dry  matrix  weight.  This  has  subsequently  been  found  to  give 
more  variable  results  than  the  use  of  the  dry  bone  weight.  The  seromucoid 
hexose  was  measured  and  is  shown  at  the  bottom  of  the  table.  The  sero¬ 
mucoid  was  elevated  at  both  24  and  48  hours  in  both  PTE  and  inactivated 
PTE  treated  group. 


Table  1.  Changes  prodvceu  in  serum  calcium,  bone  matrix  hexosamine,  and  sero¬ 
mucoid  HEXOSE  OF  NORMAL  RATS  BY  INJECTION  OF  SALINE,  PTE, 

AND  FORMALDEHYDE  INACTIVATED  PTE  (PTE-HCHO) 


24  hours  after  last  injection  | 

48  hours  after  last  injection 

Control 

PTE 

PTh>HCHO 

Control 

PTE 

PTf^HCHO 

Serum  Calcium 
(mg.  100  ml.) 

9.8S(±  .25)* 

10.91  (± .67) 

9. 61  (±.18) 

10.07  (± .21) 

. 10. 79 (1 . 46) 

10.22(1 .30 

Bone  Matrix  Hexosamine 
(mg.  100  gm.  matrix) 

216  (±561 

245  (±  39) 

245  (±  25) 

28(128) 

179(140) 

271(155 

Seromucoid  Hexose 
(mg.  100  ml.  serum) 

U.6(±2.0) 

16.8(±1.5) 

17.4(±2.0) 

10.3(10.9) 

13.4(116) 

17.4(12.0 

•  Standard  error  of  the  mean. 
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DISCUSSION 

The  data  presented  here  demonstrate  a  significant  depression  of  tlie  bone 
matrix  hexosamine  of  animals  treated  with  PTK.  In  the  experiment  illus¬ 
trated  in  Figure  2  a  simultaneous  depression  of  the  hexosamine  and  eleva¬ 
tion  of  serum  calcium  was  noted.  It  is  particularly  pertinent  to  note  the 
effect  produced  in  PTX  animals.  Here  both  the  increase  in  .serum  calcium 
and  decrease  of  hexosamine  occurred  at  an  earlier  time  than  in  the  normal 
rats.  In  the  experiments  noted  in  Figure  1  and  in  Table  1  the  hypercal¬ 
cemia  preceded  the  measureil  decrease  in  matrix  hexosamine.  The  calcium 
method  is  sensitive,  and,  with  the  di.ssolution  of  small  amounts  of  bone,  a 
rise  in  the  serum  level  would  be  easily  detected.  Also,  possible  action  of  the 
hormone  on  kidney  and  gut  would  tend  to  elevate  the  serum  calcium.  The 
hexosamine  is  distributed  throughout  the  organic  matrix.  When  limited 
areas  are  lysed,  a  change  in  total  bone  matrix  hexosamine  would  be  diffi¬ 
cult  to  mea.sure.  It  is  felt  that  this  technical  difficulty  could  explain  the  fact 
that  the  decrease  in  matrix  hexosamine  does  not  invariably  immediately 
accompany  the  hypercalcemia.  In  any  event,  it  seems  clear  from  these  data 
that  change  in  the  organic  phase  and  mineral  pha.se  either  occur  concomi¬ 
tantly  or  in  very  close  approximation. 

As  has  been  stated,  it  .seems  a  reasonable  assumption  that  under  the 
condition  of  these  experiments  the  hexo.samine  measured  is  firmly  bound  to 
the  matrix  and  is  not  a  contaminant.  However,  one  cannot  determine  from 
these  data  what  .specific  chemical  compounds  are  involved.  In  other  ex¬ 
periments  done  in  this  laboratory  the  hexo.samine  moiety  has  been  frac¬ 
tionated  by  gradient  elution  from  an  ion  exchange  column,  by  a  method 
previously  described  (10).  This  procedure  revealed  the  sugar  to  be  ap¬ 
proximately  50%  galactosamine  and  50%  glucosamine.  The  galactosamine 
could  well  be  associated  with  chondroitin  sulfate  but  it  was  somewhat  sur- 
pri.sing  to  find  an  equal  quantity  of  gluco.samine.  It  is  .still  uncertain  with 
what  compound  the  tatter  is  associated. 

The  work  of  Engel  (2)  and  Heller-Steinberg  (4)  demonstrated  changes  in 
the  staining  characteristic  of  ground  .substance  after  injection  of  PTE. 
The.se  changes  were  interpreted  as  indication  of  depolymerization.  The 
data  pre.sented  here  .suggest  there  is  an  actual  decrease  in  the  total  (piantity 
of  matrix  present  after  treatment  with  PTE. 

Engel  (2)  also  measured  an  increased  seromucoid  hexose  after  injection 
of  the  extract.  He  suggested  that  this  might  have  been  released  from  the 
lysed  matrix.  Later,  doubt  was  cast  on  this  idea  by  the  finding  of  an  ele¬ 
vated  seromucoid  following  injection  of  formaldehyde  inactivated  hormone 
(11),  a  result  which  was  reproduced  here.  Recently  Bradford,  el  al.  (5)  and 
Hronner  (6)  have  demonstrated  an  increa.sed  specific  activity  in  serum  of 
animals  previou.sly  injected  with  sulfur®^  to  label  .sulfated  mucopolysac¬ 
charides.  The  presence  of  isotope  in  bone  was  demonstrated  by  radioauto¬ 
graph.  These  experiments  show  a  probable  effect  of  PTE  on  the  metabolism 
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of  sulfate,  but  do  not  show  that  the  effect  is  on  bone  matrix.  The  elevation 
of  seromucoid  after  the  injection  of  inactivated  hormone  is  not  associated 
here  with  a  decrease  in  matrix  hexosamine.  This  would  suggest  that  bone 
matrix  is  not  the  source  of  this  component  of  serum.  Recent  evidence  (12) 
indicates  that  serum  glucosamine  is  probably  manufactured  in  the  liver. 
Therefore,  it  is  probable  that  elevation  of  .seromucoid  is  a  non-specific 
effect,  although  a  contribution  from  the  lysed  bone  cannot  be  ruled  out.  In 
other  experiments  done  here,  rats  were  fasted  or  injected  with  large  doses 
of  corti.sone,  .strong  acid,  or  alkali  and  no  change  was  noted  in  bone  matrix 
hexo.samine.  Matrix  ly.sis  would  .seem  to  be  directly  related  to  the  active 
calcium  mobilizing  action  of  parathyroid  extract. 

The  que.stion  of  whether  PTE  cau.ses  any  change  in  hexo.samine  of  ti.s.sue 
other  than  bone  cannot  be  answered  by  our  studies  as  jet.  We  have  found 
no  consistent  change  in  the  hexosamine  content  of  acetone  dried  liver, 
kidney  or  spleen  after  PTE  in  .several  experiments.  \o  exten.sive  attempt 
was  made,  however,  to  distinguish  the  hexosamine  of  the  organ  from  that 
of  the  blood  in  the  organ. 

The  manner  in  which  Ij'sis  of  bone  matrix  would  facilitate  calcium  mo¬ 
bilization  is  still  speculative.  There  is  a  close  association  between  the 
mineralization  of  new  bone  and  the  sj  nthesis  of  matrix  (1).  An  intimate  re¬ 
lationship  between  the  mineral  and  the  organic  phases  of  bone  must  exist. 
The  Ij'tic  effect  of  PTH,  therefore,  might  be  expected  to  disrupt  this  rela¬ 
tionship.  However,  since  the  extracellular  fluid  is  .supersaturated  with  re¬ 
spect  to  bone  mineral  at  pH  7.4,  .some  other  mechanism  must  be  po.stulated 
in  order  to  explain  the  enhanced  movement  of  bone  mineral  into  the  bath¬ 
ing  fluids.  It  has  been  .suggested  that  this  mechanism  might  be  local  pro¬ 
duction  of  some  relativelj’  acid  solute  and  or  some  chelating  compound 
.such  as  citrate  (1).  Borle,  et  al.  (13)  have  shown  that  bones  from  PTE  pre¬ 
treated  rats  produce  more  lactate  in  vitro  than  control  bones  and  speculate 
that  .some  of  this  lactate  derives  from  matrix. 

It  still  cannot  l)e  stated  that  the  matrix  Ivsis  bj'  PTH  is  the  “primarv” 
effect  of  this  hormone.  It  can  be  .stated,  however,  on  the  basis  of  the  data 
presented  here,  that  the  hormone  does  produce  such  a  lysis  and  it  can  be 
speculated  that  this  Ivsis,  whether  “primarj  ”  or  “secondarv,”  maj’  have  an 
effect  on  the  mobilization  of  bone  calcium. 
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ABSTRACT 

A  method  is  (les<*ribe(l  for  the  extraction  and  purification  of  sodium  estriol- 
3-sulphate.  By  the  use  of  this  method  sodium  estriol-3-sulphate  has  been  iso¬ 
lated  and  identified  in  extracts  of  human  meconium. 

IT  HAS  been  reported  previously,  that  human  meconium  contains  a 
“butanol-soluble,  alkali-in.soluble”  conjugated  form  of  e.striol  (1).  Some 
of  the  properties  of  this  conjugate  suggested  that  it  might  be  identical  with 
an  estriol  sulphate.  In  this  paper  we  wish  to  present  the  evidence  indicat¬ 
ing  that  the  isolated  compound  is  identical  with  sodium  estriol-3-sulphate. 

EXPERIMENTAL 

Material  and  methods 

The  collection  of  meconium,  the  techniques  used  in  paper  chromatography  and  coun¬ 
tercurrent  distribution,  the  conditions  of  enzyme  hydrolysis  as  well  as  the  method  u.sed 
for  the  determination  of  estriol  have  been  described  in  detail  in  a  previous  paper  (1). 

Paper  electrophoresis. — .\n  LKB  3276  BN  apparatus  (LKB-Produkter,  Stockholm) 
and  Whatman  No.  2  paper  were  used.  The  potential  was  100  volts  and  the  current 
3-4  m.\.  Running  time;  18  hours.  In  addition  to  the  phosphate-  and  veronal  buffers 
used  i)reviously  (1),  a  0.2  M  sodium  acetate  buffer  (pH  4.9,  with  20%  abs.  ethanol 
added)  was  also  used. 

Development  of  the  spots. — Following  paper  chromatography  or  paper  electrophoresis, 
the  i)apers  were  allowed  to  dry  at  room  temperature.  Hydrolysis  of  estriol-3-sulphate 
was  carried  out  in  situ,  using  the  method  described  by  Schneider  and  Lewbart  (2).  The 
spots  were  then  developed  either  with  the  Folin-Ciocalteau  reagent  (3),  or  by  the 
rhodizonate-barium  chloride  test  for  sulphate  ions  (4),  as  modified  by  Schneider  and 
Lewbart  (2). 

Preparation  of  sodium  estriol-S-sulphate,  16, 17-diacetate. — Sodium  estriol-3-sulphate 
was  acetylatt'd  with  acetic  anhydride  in  jn  ridine  at  room  temperature  for  24  hours. 
Kxcess  acetic  anhydride  was  hj’drolyzed  by  the  addition  of  crushed  ice  and  the  result¬ 
ing  sodium  estriol-3-sulphate, 16, 17-diacetate  was  extracted  with  secondary  butanol. 

Preparation  of  estriol-16, 17-diacetate  from  sodium  estriol-3-stdphate- 16, 17-diacetate. — 
Ten  to  one  hundred  micrograms  of  sodium  estriol-3-sulphate,  16, 17-diacetate  were  dis¬ 
solved  in  3  ml.  of  anhydrous  n-butanol;  25  ml.  of  ethyl  acetate  and  0.3  ml.  of  cone.  HCl 
were  added  and  the  solution  was  left  at  room  temperature  overnight.  The  solvent  was 
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Table  1.  Partition’  coefficients  (K)  governing  the  distribction  of  sodium  estriol-3- 

SULI’IIATE  IN  THE  SOLVENT  SYSTEMS  USED  IN  THE  EXTRACTION  PROCEDURE.  AlL  K 
VALUES  WERE  CALCULATED  FROM  12-TRANSFER  COUNTERCURRENT  DISTRIBUTIONS 


Upper  phase 

Lower  phase 

n-Butanol 

Saturated  sodium  chloride  solution  (pH  3.0) 

24.0 

n-Butanol 

l.OX  NaOH 

0.3 

n-Butanol 

Water 

3.8 

n-Biitanol-n-hexane  (7:1) 

Water 

0.05 

Ether 

Water  (acidiffed  to  pH  3.0) 

0.01 

Ether-ethanol  (2:1) 

35%  (w/v)  (XH4).S()4 

32.0 

,Sec.-butanol 

Water 

1  .3 

oviiporatcd  in  vacuo.  In  this  way  a  complete  hydrolysis  of  the  3-sulphate,  without  any 
hydrolysis  of  the  two  acetate  groups  could  be  obtained. 

Preparation  of  sodiuvi  estriol-3, 16, 17-trisulphate. — This  was  carried  out  by  shaking 
in  dry  pyridine  sodium  estriol-3-sulphate  with  an  excess  of  pyridine-sulphur  trioxide 
complex  at  room  temperature  for  16  hours.  Following  evaporation  in  vacuo  the  com- 
pound  was  dissolved  in  O.lX  XaOH. 

Reference  standard  preparations. — .\uthentic  sodium  estriol-3-sulphate,  sodium 
cstriol-3, 16, 17-trisulphate,  sodium  estriol-3-sulphate,  16, 17-diacetate,  estriol-1 6, 17-di¬ 
acetate,  estriol-1 7  ( 1 6?), -monoacetate,  1 7|8-estradiol-3-sulphate,  1 7(3-estradiol-3-phos- 
phate  and  17/3-estradiol-l 7-phosphate  were  obtained  through  the  courtesy  of  Dipl. 
Eng.  H.  Fex,  AB  Leo,  Hiilsingborg,  Sweden.'  The  synthesis  and  analytical  data  of  the 
new  estriol  derivatives  will  be  published  elsewhere  by  Fex  and  Lundvall.  Sodium  estrone 
suliihate  was  a  gift  from  Professor  K.  .Junkmann,  .\G.  Schering,  Berlin,  and  of  the 
•Vyerst  Laboratories,  New  York.  Estriol-3-methyl  ether  was  prepared  by  Dipl.  Eng.  I. 
Konyves,  AB  Leo,  Hiilsingborg,  Sweden. 

Extraction  procedure. — A  method  has  beiui  evolved  for  the  extraction  and  purifica¬ 
tion  of  sodium  estriol-3-sulphate.  Some  of  the  steps  in  this  method  are  based  on  the 
early  work  on  sodium  estrone  suliihate  by  Schachter  and  Marrian  (5)  and  by  Grant 
and  Beall  (6),  whereas  other  steps  are  based  on  the  partition  coefficients  of  sodium 
estriol-3-suIphate  in  different  solvent  systems.  The  method  is  given  schematically  in 
Fig.  1,  whereas  the  partition  coefficients  governing  the  extraction  of  estriol-3-sulphate 
are  compiled  in  Table  1. 

By  the  use  of  this  method  an  average  yield  of  apiiroximately  1.0  mg.  sodium  estriol- 
3-sulphate  jier  100  gm.  of  meconium  was  obtained. 

RESULTS 

Paper  portition  chromalograpfuj. — The  partition  characteri.stic.s  of  tlie 
isolated  material  were  compared  with  those  of  the  reference  standard  in 
seven  solvent  systems.  The  Hf  values  obtained  are  shown  in  Table  2.  For 
additional  comparison  some  Rf  values  obtained  with  “free”  estriol,  sodium 
estrone  sulphate,  sodium  17i3-estradiol-3-sulphate  and  sodium  estriol 
Kluco.siduronate  are  also  included  in  Table  2. 

It  would  appear  from  the  data  of  Table  2  that  there  is  a  favourable  agree¬ 
ment  between  the  Hr  values  obtained  with  the  meconial  extract  and  with 
the  authentic  reference  standard,  respectively.  Furthermore,  it  can  also  be 

*  We  are  indebted  to  Dipl.  Eng.  H.  hYx,  .KB.  Leo,  Hiilsingborg  for  a  generous  gift 
of  these  estrogen  derivatives. 
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Fig.  1.  Sfhenif  for  the  isolation  of  estriol  3-sulfate  from  human  meconium. 

Meconium  is  homogenized  with  25%  ammonium  sul-  (1) 
phate  and  50%  quartz  sand  and  extracted  with  80% 
aqueous  ethanol  (4X1/1  vol.).  Ethanol  extract  centri¬ 
fuged,  kept  in  the  deep-freeze  at  —17°  for  48  hours  and 
centrifuged  again  at  —14°. 

Ethanol  evaporated  at  a  reduced  pressure  until  foaming  (2) 
begins;  an  equal  volume  of  tertiary  butanol  is  added  to 
the  aqueous  phase,  the  precipitate  is  removed  through 
filtration  (glass  wool)  and  discarded. 

I 

Organic  phase  evaporated  to  dryness,  residue  taken  up  (3) 
in  70%  methanol,  kept  in  the  deep-freeze  for  48  hours, 
centrifuged  in  the  cold. 

I 

Methanol  evaporated  almost  to  dryness,  residue  dis.solvetl  (4) 
in  water,  aqueous  pha.se  saturated  with  XaCl  and  its  pH 
adjusted  to  3.0  with  HCl.  Aqueous  phase  extracted  with 
n-butanol  (4X1/4  vol.). 

.\queous  pha.se  discarded  -  -  . . I 

Hutanol  extract  is  washed  with  X  XaOH  (4X1/4  vol.)  (5) 

Washings  discanh'd  (('on-  and  with  distilled  water  (2X1/10  vol.). 

tain  the  estriol  glucosidu-  -  - - - 1 

ronate  fraction)  Hutanol  reduced  by  distillation  to  l/5th  of  its  original  (0) 

volume,  pH  is  adjusted  to  7.0;  l/7th  volume  of  n-hexane 
is  add(‘d  and  the  organic  jihase  extracted  with  distilled 
water  (4  X  1 /4  vol.). 

Organic  phase  discarded  | 

.\queou.s  phase  is  adjusted  to  pH  3.0  (with  HCl)  and  ex-  (7) 
tracted  with  ether  (4X1/4  vol.). 

Ether  discarded  -  - 1 

.\(pieou.s  phase  neutralized,  XaOH  is  added  to  a  concen-  (8) 
tration  of  IX,  and  the  .solution  is  boiled  under  reflux  for 
30  min.  .\fter  cooling  extracted  with  n-butanol  (4X1/4 
vol.). 

.\(pieous  pha.se  discardi-d  I 

Hutanol  washed  with  distilled  water  (2X1/10  vol.).  (9) 

Washings  discar(h‘d  - - =- 1 

Hutanol  concentrated  in  vacuo  to  10-20  ml.,  jumred  into  (10) 
an  excess  of  anhydrous  acetone  (approximately  150  ml.) 
and  centrifuged. 

Precipitate  discarded  -  -  -  ( 

Suiiernatant  evaporated  almost  to  dryne.ss;  residue  taken  (11) 
uj)  in  10  ml  of  anhydrous  methanol  and  poured  into  an 
excess  of  dry  ether  (approximately  150  ml.);  precipitate 
centrifuged. 

Organic  pha.se  discarded  -  -  -  - 1 

Pn'cipitate  dissolved  in  50  ml.  H-O;  17  gm.  of  ammo-  (12) 
Ilium  sulphate  is  added  and  the  aqueous  phase  extracted 
5  times  with  1/2  vol.  of  a  mixture  of  ether-ethanol  (2:1). 

.\queous  phase  discarded  -  - - 1 

Organic  phase  evaporated  to  dryness.  Residue  dissolved  (13) 
in  90%  ethanol.  I^thanol  centrifuged  and  supernatant 
evaporated.  .\n  aliquot  of  the  dry  residue  is  distributed 
then  in  a  24-transfer  countercurrent  distribution  be¬ 
tween  secondary  butanol  and  water.  Tubes  8  to  18  of  the 
distribution  contain  virtually  all  estriol  3-sulphate  (K 
=  1.3).  (.\lternatively  final  purificafion  was  sometimes 
obtained  following  paper  partition  chromatography  in 
system  Xo.  4  (Table  2)  and  elution  from  the  paper  with 
80%  ethanol.) 


seen  that — with  the  exception  of  system  No.  7 — all  solvent  sy.stems  provide 
a  complete  .separation  of  .sodium  e.striol-3-sulphate  from  other  estrogen-3- 
sulphates,  as  well  as  from  estriol  gluco.siduronate,  or  estriol. 

In  addition,  it  was  found  that  in  paper  chromatograms  containing 
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Table  2.  Comparison  ok  Rf  values  obtained  with  sodium  estriol-3-sulphate  isolated 
FROM  MECONIUM  AND  WITH  AN  AUTHENTIC  SODIUM  ESTRIOL-3-SULPHATE  REFER¬ 
ENCE  STANDARD,  RESPECTIVELY.  FoR  ADDITIONAL  COMPARISON  Rf  VALUES  OF 
SOME  OTHER  E.STROGEN-3-SULPH ATES,  ESTRIOL  GLUCOSIDURON ATE  AND 
OF  ESTRIOL  ARE  ALSO  INCLUDED 


Sys¬ 

tem 

Solvent 

composition 

Parts 
(ml  ) 

Source 

(refer¬ 

ence) 

Rf 

Unknown 

Reference  standards 

Sodium  es- 
triol-3-8ul- 
phate  from 
meconium 

Sodium 

estriol-S- 

sulphate 

Sodium 

e8trone-3- 

sulphate 

Sodium  17d 
estradiol- 
3-sulphate 

Sodium  es- 
triol  16- 
(17?)  gluco- 
siduronate 

Kstriol 

I 

isopropyl  ether 
tert  -butanol 
NH40n  (cone.) 

1  water 

120 

80 

20 

180 

(7) 

0.06 

i 

0.05 

0.20 

0..38 

0.02 

0.86 

2 

ethyl  acetate 
n-butanol 
NH40H  (cone.) 
water 

180 

20 

20 

180 

(7) 

0.09 

0.09 

0.50 

0.53 

0.01 

0.80 

.3 

toluene 
n-butanol 
NH4(iH  (cone.) 
water 

1(K) 

100 

20 

180 

(7) 

0.08 

O.IO 

0.58 

0.53 

0.01 

0.00 

4 

isopropyl  ether 
tert.-butanol 
\H4OH  (cone.) 
water 

100 

100 

20 

180 

(*) 

0.19 

o.to 

(t.50 

0.5:1 

0.08 

0.88 

5 

toluene 
n-butanol 
NH4OII  (cone.) 
water 

SO 

150 

20 

180 

(*) 

0.50 

0.50 

0.81 

0.83 

j 

0.00 

6 

isopropyl  ether 
tert.-butanol 
NH4.H  (cone.) 
water 

75 

125 

20 

180 

(*) 

0.64 

0.65 

0.78 

0.78 

0..54 

0.86 

7  1  n-butanol 

!  tert. -butanol 

1  2  N  muoii 

150 

50 

2(K) 

(8) 

0.85 

0.82 

0.86 

0.88 

1 

j  0.71 

0.02 

♦  Present  investigation. 


sodium  estriol-8-sulphate  from  meconium  or  the  corresponding*:  standard 
preparation,  no  phenol  or  sulphate  could  he  detected,  when  the  Folin- 
Ciocalteau,  or  rhodizonate-harium  chloride  tests,  respectively,  were  ap¬ 
plied  to  such  papers.  This  indicates  that  the  phenolic  hydroxyl  group  of  the 
e.striol  was  not  free.  Following  selective  hydroly.sis  of  the  .sulphate  group  in 
situ  on  the  chromatograms,  the  meconial  extract  as  well  as  the  reference 
compound  gave  only  one  distinct  spot  with  each  of  the  above  mentioned 
reagents,  indicating  that  one  is  dealing  with  a  phenolic  sulphate.  Further¬ 
more,  when  the  meconial  estrioUi-.sulphate  was  eluted  from  the  paper, 
proce.s.sed  according  to  the  method  of  Brown  ( 10),  including  i.a.  hydrolysis, 
methylation  and  chromatography  on  alumina,  it  behaved  chromato- 
graphically  and  colorimetrically  as  estriol-Ii-methyl  ether. 

Paper  electrophoresis. — The  sodium  estriol-8-sulphate  from  meconium 
was  compared  with  the  authentic  reference  compound  in  three  buffers  at 
different  pH  values.  The  mobilities  obtained  are  shown  in  Table  8.  It  ap¬ 
pears  from  the  data  of  Table  8  that  at  different  pH  values  the  reference 
standard  preparation  and  the  meconial  estriol-3-sulphate  migrate  at 
identical  rates.  It  should  be  pointed  out,  however,  that  whereas  the  sys- 
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Table  3.  Paper  electrophoretic  mobilities  in  dikferent  buffer  solctioxs  ok  sodil  m 
estriol-3-sulphate  from  meconium  and  of  an  authentic  sample  of  sodium 
estriol-3-sulphate,  respectively.  Running  time;  18  hours 


Huffer 

i 

pH 

Potential 

(volts) 

Current 

(m.\) 

Migration  (em.) 

Kxtraet  of  Reference 
meconium  eompouiid 

0.2 M  Apptate 

0.2 

100 

4.0 

5.8 

5 . 7 

0.1. M  Phosphate 

6.8 

100 

3.5 

t  .0 

775 

O.lM  Veronal 

8.6 

100 

3.0 

8.3 

8.3 

tem.s  employed  effectively  can  .separate  estriol-3-sulphate  from  estriol 
glucosiduronate,  they  do  not  effect  a  separation  of  estriol-3-sulphate  from 
estrone  sulphate,  or  17.d-estradiol-3-sulphate. 

Coutdercurrent  distribution. — The  partition  coefficients  obtained  in  six 
solvent  systems  are  summarized  in  Table  4.  The  data  of  Table  4  indicate  a 
favourable  agreement  of  K  values  between  the  reference  .standard  and 
meconial  estriol-3-sulphate.  In  addition,  the  systems  employed  also  pro¬ 
vide  a  separation  of  sodium  e.striol-3-sulphate  from  sodium  estrone  sulphate 
or  from  sodium  17j8-estradiol-3-sulphate.  P^'or  instance  in  the  following 
solvent  system:  eijual  volumes  of  butanol  and  ethyl  acetate  (upper  phase) 
and  0.2%  ammonium  hydroxide  (lower  pha.se),  the  partition  coefficients 
are  as  follows: 


sodium  estrone  sulphate 

10.1 

sodium  17|(3-estradiol-3-.sulphate 

8.G 

sodium  est  riol-3-.sulphate 

2.1 

Table  4.  Partition  coefficients  (K)  in  different  .solvent  systems  of  sodium  estriol- 

3-.SULPHATE  FROM  .MECONIUM  AND  OF  AN  At  TIIENTIC  REFERENCE  STANDARD 
SODIUM  ESTRIOL-3-SULPHATE  preparation.  .\LL  K  VALUES  MERE  OBTAINED 

IN  24-transfer  countercurrent  distributions 


Solvent 

:  system 

Partition  roeliicient  (K) 

I’pper  phase 

ml. 

Lower  phase 

ml. 

meconium 

compound 

See. -butanol 

400 

0.5%  NaC'l 

500 

0 . 56 

0.51 

n-hexane 

100 

See.-hutanol 

500 

Water 

500 

1 .2* 

1  .3* 

n-Butanol 

2.50 

Methanol 

125 

1  .6 

1 .6 

Ethyl  aeetate 

250 

0.2%  NH«()H 

375 

n-Butanol 

250 

0.2%  NHdHt 

.500 

1  .9 

2.1 

Ethyl  acetate 

250 

n-hutanol 

375 

2N  NHdlH 

.500 

2.3 

2.6 

Tert.  butanol 

125 

n-Butanol 

500 

O.IN  NaOH 

500 

4.3 

4.6 

12-transfer  distribution. 
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Enzyme  hydrolysis. — At?  reported  in  a  previous  paper  (1),  the  meeonial 
estriol-8-sulpliate-  like  compound  could  not  he  hydrolyzed  by  a  bacterial 
/j-glucuronidase  preparation.  On  the  other  hand,  incubation  with  a  Helix 
pomatia  preparation,  which  contains  both  /^-glucuronidase  and  sulphatase 
activities,  resulted  in  a  virtually  complete  hydrolysis  of  the  compound. 
However,  .since  under  our  experimental  conditions  the  Helix  pomatia  prep¬ 
aration  effectively  hydrolyzed  17/8-estradiol-3-phosphate  as  well  as  \7i3- 
estradiol-17-phosphate,  it  would  appear  that  this  enzyme  preparation  con¬ 
tains  not  only  /3-glucuronidase-  and  sulphatase,  but  even  acid  phosphatase 
activity. 

Infrared  spectroscopy. — The  infrared  spectrum  of  the  sodium  estriol-R- 
sulphate  isolated  from  extracts  of  meconium  was  compared  with  that  of  an 
authentic  sodium  estriol-3-sulphate  preparation.-  Analy.sis  of  the  two 
.spectra  revealed  a  complete  agreement  between  them.  On  the  other  hand, 
the  infrared  spectrum  of  estriol  greatly  differs  from  that  of  .sodium  estriol- 
:i-sulphate. 

Paper  partition  chromatography  of  derivatives. — In  order  to  provide  addi¬ 
tional  evidence  indicating  that  the  compound  isolated  from  meconium  is 
indeed  identical  with  sodium  estriol-3-.sulphate,  characteri.stic  derivatives 
have  been  prepared  and  their  Uf  values  were  compared  with  those  of  the 
corresponding  authentic  reference  compounds.  The  results  obtained  are 
summarized  in  Table  5.  It  appears  from  the  data  of  Table  5  that  the  two 
derivatives  prepared  from  meeonial  estriol-3-sulphate,  namely  the  sodium 
e.striol-3-.sulphate,l(), 17-diacetate  and  the  estriol-16, 17-diacetate  exhibit 
the  same  Kf  values  as  the  corresponding  reference  standard  preparations. 
Furthermore,  it  is  also  clear  from  the  additional  lif  values  included  in 
Table  o  that  all  other  possibilities  can  be  excluded  as  far  as  the  position  and 
number  of  sulphate-  or  acetate  groups  is  concerned. 

('ounter current  distribution  of  derivatives. — In  Table  (5  the  partition  coeffi¬ 
cients  of  three  derivatives  of  meeonial  estriol-3-sulphate  are  compared 
with  tho.se  of  authentic  reference  standards.  It  appears  from  the  data  of 
Table  0  that  there  is  a  favourable  agreement  of  K  values  for  all  the  three 
derivatives  prepared.  It  should  be  pointed  out,  however,  that  under  our  ex¬ 
perimental  conditions  the  formation  of  sodium  estriol-8, lb, 17-trisulphate 
from  sodium  e.striol-3-sulphate  was  not  quantitative.  Paper  partition 
chromatography  (in  system  No.  6,  .see  Table  2),  or  paper  electrophoresis 
(in  acetate  buffer)  of  the  products  of  sulphation  revealed  the  presence  of 
three  distinctly  separated  compounds,  corresponding — most  probably — to 
the  mono-,  di-  and  trisulphates,  respectively.  These  three  compounds 
could  also  be  separated  in  countercurrent  distribution  studies,  using  the 
system:  n-butanol/ O.IX  NaOH. 


^  We  are  indebted  to  Dipl.  Eng.  S.  Veige,  AB.  Leo,  Halsingborg  for  carrying  out  tlie 
infrared  spectrographic  identification. 


1 


498 


MENINl  AND  DICZFALUSY 


Volume  68 


Table  5.  Rf  values  obtained  with  derivatives  prepared  from  meuoxial  sodium 
estriol-3-sulphate  as  compared  to  those  ok  certain  reference  compounds, 
WHICH  may  be  formed  UNDER  THE  REACTION  CONDITIONS  USED 


Sodiiim-es- 
triol-3-sul- 
phate-10, 
17-diacetate 
prepared 
from  mecon- 
ial  estriol-3- 
sulphate 

Reference  compounds 

Solvent  Parts 

system  (ml.) 

Sodium 

estriol-3- 

sulphate-10, 

17-diace¬ 

tate 

Kstriol-10, 
17  diace¬ 
tate 

Sodium 

estriol-3- 

sulpbate 

Kstriol 

Toluene  100 

n-Butanol  100 

\H4()H  (eone.)  20 

Water  180 

0.37** 

0.37** 

0.02 

0.00 

0.00 

Kstriol-10, 

1 7-diacetate 
prepared 
from  mecon- 
ial  estriol- 
sulphate 

Reference  compounds 

Solvent  Parts 

sj-stem*  (ml.) 

Kstriol-10, 

17-diacetate 

Sodium 

estriol-3- 

sulphate-10, 

17-diacetate 

Kstriol-17 
(10?)  mono- 
acetate 

Kstriol 

Isooctane  oO 

Toluene  150 

.Methanol  100 

Water  40 

0.77 

0.77 

0.0 

0.40 

0.02 

*  System  (leserilH'd  by  I)«*  Courey  (9). 

**  These  values  are  ureatly  iiifliieneed  by  solvent  residues. 


DISCUSSION' 

Although  the  material  isolated  from  meconium  has  not  been  obtained  in 
a  crystalline  form,  conclusive  evidence  has  been  obtained,  which  shows  that 
it  must  be  identical  with  sodium  estriol-3-sulphate.  Thus  its  identity  is 
based  on  the  following  evidence; 

1.  Agreement  of  Hf  values  with  those  of  an  authentic  reference  standard 
in  7  solvent  systems 

2,  Negative  phenol-  and  sulphate  reactions  on  chromatograms;  positive 


Table  (i.  Partition  coefficients  (K)  of  different  derivatives  prepared  from 
SODIUM  estriol-3-sulphate  isolated  from  meconiu.m  and  of  the  cor- 

RESPONDINO  AUTHENTIC  REFERENCE  STANDARDS,  RESPECTIVELY 


Derivative 

Solvent  system 

Partition 

coeflicient 

Upper  Parts 

phase  (ml.) 

bower  Parts 

phase  (ml.) 

Me-  Refer- 
conial  ence 

extract  standard 

Sodium  e8triol-3-sui- 
phate,  10,17-diacetate 

Sec. -butanol  400 

n-hexane  100 

().5%NaCl  500 

2.0  1.0 

Kst  riol- 1 6, 1 7-diacetate 

benzene  150 

n-hexane  350 

methanol  250 

water  250 

3.0  2.0 

Sodium  e8triol-3, 16,17- 
tri8ulphate 

n-butanol  500 

O.lNNaOH  500 

<  0.01  0.01 
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phenol-  and  sulphate  reactions  following  solvolysis  in  situ  on  chroma¬ 
tograms 

3.  Identical  electrophoretic  mobilities  at  three  pH  values 

4.  Agreement  of  partition  coefficients  in  six  solvent  systems 

o.  Complete  agreement  of  the  infrared  spectrum  with  that  of  sodium 
estriol-3-sulphate 

().  Agreement  of  Hf  values  of  two  derivatives 
7.  Agreement  of  partition  coefficients  of  three  derivatives 

In  fact,  the  seipience  in  which  the  evidence  had  been  obtained  excludes 
all  possibilities  other  than  sodium  estriol-3-sulphate.  Thus  for  instance, 
estriol-3-sulphate  was  characterized  in  a  counter-current  distribution,  the 
material  from  the  peak  tubes  of  the  distribution  pooled,  acetylated  and 
characterized  in  another  distribution  as  sodium  estriol-8-sulphate, 1(5, 17- 
diacetate.  The  acetylated  product  was  then  submitted  to  a  selective  hy¬ 
drolysis  for  sulphates  (a  modified  solvolysis)  and  the  resulting  estriol-l(5, 
17-diacetate  was  characterized  again  in  countercurrent  distribution  and 
paper  chromatography. 

The  present  investigation  establishes  sodium  estriol-3-sulphate  as  the 
second  conjugated  form  of  estriol  present  in  human  meconium.  It  would 
appear  that  sodium  estriol  glucosiduronate  and  sodium  estriol-3-sulphate 
occur  in  the  meconium  in  approximately  ecpial  amounts.  Whether  or  not 
minor  (piantities  of  additional  conjugated  forms  of  estriol  are  also  present 
in  this  source  is  not  known  at  present. 

The  presence  of  considerable  (juantities  of  sodium  estriol-3-sulphate  in 
the  meconium  raises  also  the  que.stion,  whether  or  not  this  conjugate  also 
occurs  in  the  adult  human  being.  Search  for  sodium  estriol-3-sulphate  in 
the  body  fluids  of  the  adult  human  subject  is  now  in  progress  in  this  labora¬ 
tory. 
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SOME  EFFECTS  OF  ANDROGENS  ON  INTERMEDIARY 
METABOLISM  IN  MUSCTE 


JANET  LOHlNCi,  JOYCE  SPENCER  and  CLAUDE  VILLEE 

Department  of  Biologieal  Chemistry,  Harvard  Medical  School,  and  the  Research 
Laboratories  of  the  Boston  Lying-in  Hospital,  Boston,  Massachusetts 

ABSTRACT 

Male  rats  were  eastrati'd  and  sul)se(iuently  injeet(‘(l  witli  testosterone, 
])roKesterone  or  androsterone.  Masseter,  temporal  and  perineal  nuiseh's  wen' 
exeised  and  hoinoKenized  and  the  homogenate  was  ineuhated  with  eitrate,  sue- 
einate,  laetate  or  malate  as  substrate.  The  ineubation  metlium  eontainc'd  i)hos- 
phate  labeled  with  P'-.  ()xyK<'n  eonsumption,  o-keto  acid  produetion,  laetate 
l)roduetion  and  incorporation  of  1”-  into  ATP  were  measured.  Tlu'  results 
are  consistent  with  the  hypothesis  that  testosterone,  but  not  jiro^esterone  or 
androsterone,  stimulates  the  enzyme  DPNH  eytoehrome  e  reductase.  'Fhe 
addition  of  testosterone  to  muscle  homogc'uates  in  vitro  did  not  stimulat*' 
oxygen  utilization,  a-keto  acid  produetion,  or  the  ineori)oration  of  P*-  into 
-VTP.  .V  stimulation  of  DPNH  eytoehrome  e  ri'duetase  could  inen'as**  the  rab' 
of  oxidative  phosphorylation,  the  rate  of  j)roduetion  of  .\TP,  and  thus  lead 
to  an  ineri'ased  rate  of  growth  of  the  muscle. 

IN  ADDITION  to  their  primary  efl'eets  on  tlie  male  sex  organs  ami  the 
glands  associated  with  the  male  reproductive  tract,  androgens  have 
effects  on  the  growth  of  kidney,  liver,  muscles,  and  certain  other  organs  of 
the  body  (1).  The  perineal,  temporal,  and  masseter  muscles  are  known  to 
decrease  in  size  following  castration  and  to  increase  in  size  following  the 
administration  of  androgens  (2,  3).  This  paper  presents  the  re.sults  of  an 
attempt  to  investigate  the  nature  of  the  enzymatic  changes  that  may  be 
as.sociated  with  the  decrease  in  the  size  of  these  muscles  following  castra¬ 
tion  and  their  increase  in  .size  following  the  injection  of  androgens  into 
castrate  rats. 

M.\TERIALS  ANT)  METHODS 

Male  rats  of  the  Wistar  strain,  weighing  about  140  grams,  were  obtained  from  the 
Charles  River  Breeding  Laboratories.  They  were  castrated  and  30  days  after  castra¬ 
tion  were  injected  intraperitoneally  with  5  mg.  of  testosterone,  progesterone,  or  andro¬ 
sterone  in  propylene  glycol.  Tlie  injections  were  r('j)eated  at  weekly  int('rvals  until  the 
rats  were  sacrificed  and  used  in  the  expt'riment.  Control  rats  were  injected  with  propy¬ 
lene  glycol  alone,  .\fter  three  or  more  injections,  the  rats  were  sacrificed  and  sami)les  of 
liver,  kidney,  and  masseter  muscle  were  exeised  for  analysis  of  their  pyridine  nucleo¬ 
tide  content.  Oxidized  and  reduced  TPN  and  DPX  were  measured  both  by  enzymatic 
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assays  (4),  and  by  spectrophotofluorimetric  means  (5).  Perineal,  temporal,  and  mas- 
seter  muscles  were  removed  and  20%  (w  v)  homogenates  were  prepared  in  0.1  M  Tris 
buffer,  pH  7.4,  containing  0.12  M  KCl  and  0.016  M  NaCl.  The  homogenization  was 
carried  out  in  a  Lourdes  homogtmizer  for  one  minute  at  70  volts.  The  resulting  homog¬ 
enate  was  centrifuged  at  500  Xg  to  remove  cellular  debris  and  the  supernatant  fluid 
was  then  incubatecl  for  an  hour  at  37°  in  standard  Warburg  respirometers.  Each  vessel 
contained,  in  a  total  of  3.0  ml.  of  fluid,  pH  7.4,  50  micromoles  K'*',  15  micromoles 
30  micromoles  of  phosphate  labeled  with  P^^  30  micromoles  of  potassium  citrate,  potas¬ 
sium  succinate,  pota.ssium  malate,  or  potassium  lactate,  and  1  micromole  of  DPN.  One 
milliliter  of  muscle  homogenate  was  added  to  each  vessel,  the  vessels  were  gassed  with 
oxygen  for  seven  minutes,  the  stop  cocks  were  closed,  the  initial  reading  was  taken, 
and  the  substrate  and  P^*  were  tii)ped  in  from  the  side-arm.  The  nitrogen  content  of 
the  muscle  homogenate  was  measured  by  a  microkjeldahl  procedure.  .Vliquots  of  the 
incubation  mixture  were  analyzed  before  and  after  incubation  for  a-keto  acids  by  a 
modification  of  the  method  of  Friedemann  and  Haugen  (6),  and  for  lactic  acid  by  the 
method  of  Barker  and  Summerson  (7).  The  incorporation  of  P*-  into  the  terminal  phos¬ 
phates  of  .\TP  was  measured  by  preparing  a  trichloroacetic  acid  extract  of  the  incuba¬ 
tion  mixture  which  was  adsorbed  onto  Norit  \  by  the  method  of  Crane  anfl  Lipmann 
(H).  The  terminal  two  phosphates  of  .VTP  were  released  by  acid  hydrolysis,  measured 
chemically  by  the  method  of  Lowry  and  Loi)ez  (9),  and  their  radioactivity  was  deter¬ 
mined. 


RESULTS 

Tlie  rate.s  of  oxygen  consumption  of  homogenates  of  control  muscles  and 
of  muscles  from  testosterone  treated  rats  were  essentially  equal  when  .suc¬ 
cinate  was  pre.sent  as  substrate  (Table  1).  This  observation  confirms  the 
findings  of  Kisenberg,  (Jordan  and  Elliott  (10)  and  of  Leonard  (11)  that  the 
succinate  oxidase  activity  of  muscle  is  unaffected  by  castration  or  by  the 
administration  of  testosterone.  However,  the  average  oxygen  con.sumption 
of  the  homogenates  of  mu.scle  from  testosterone  treated  rats  was  50% 
greater  than  muscle  from  control  rats  with  malate  as  .sub.strate  and  23% 
greater  than  controls  with  citrate  as  sulxstrate  (Table  1).  The  differ¬ 
ence  in  oxygen  con.sumption  with  citrate  as  sub.strate  was  not  statistically 


Tabi.k  1.  Ekkect  ok  testosterone  ox  METABOI.ISM  ok  MI'SCLE 

HOMOOEXATES  KRO.M  CASTRATE  RATS 


Substrates 
(0.01  M) 

Steroid 

injected 

Oxygen 

utiliz(‘d 

Q-Keto  acid 
produced 

Lactate 

produced 

P3*-*.\TP 

C'itrate 

Control 

Testosterone 

0.22  +0.035 
0.27  ±0.030 

0.026  +0.004 

0.056**  ±0.005 

0.01 

0.02 

324  ±29 
435*  ±38 

Succinate 

Control 

Testosterone 

1.87  ±0.17 
1.72  ±0.17 

0.0.57  ±0.007 

0.079  ±0.013 

0.02 

0.09 

347  +28 
346  ±31 

Malate 

(Control 

Testosterone 

0.30  +0.048 
0.44*  ±0.037 

0.092  +0.005 

0.174**  ±0.015 

0 

0.02 

367  ±34 
466*  ±39 

The  values  for  oxygen  utilized,  a  keto  acid  produced,  and  lactate  produced  are  expressed 
as  micromoles/mg.  N/hr.,  and  represent  mean  ±  standard  error  of  ten  determinations.  The 
values  for  P”  incorporated  into  .\TP  represent  cpmX10~’/mg.  P/hr.  and  represent  mean 
±  standard  error  of  five  determinations. 

**  =  P<.()1. 

*  =  P<.()5. 
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significant  in  this  first  series  but  was  highly  significant  in  the  second  series 
(Table  2).  With  all  three  substrates  there  was  a  greater  accumulation  of 
a-keto  acid  and  lactic  acid  in  the  incubation  flasks  containing  homogenates 
of  muscle  from  testosterone  treated  rats  than  in  those  containing  homo¬ 
genates  of  muscle  from  control  rats.  With  succinate  the  difference  in  a-keto 
acid  production  was  not  significant  (P  =  0.1)  but  with  citrate  and  malate 
the  differences  were  highly  significant.  The  accumulation  of  lactic  acid  was 
very  small  in  these  muscle  homogenates  incubated  aerobically  (Table  1) 
but  the  average  accumulation  was  larger  in  the  testosterone  treated  ani¬ 
mals  than  in  the  controls.  The  rate  of  incorporation  of  into  adenosine 


Tablk  2.  Effects  of  injected  steroids  on  metabolism  of  mcscle 

IIOMOUBNATES  FROM  CASTRATE  MALE  RATS 


Substrates 
(0.01  .M) 

Steroid 

injected 

Oxygen  consump¬ 
tion  micromoles/ 
mg.  N /hr. 

a  Keto  acid  pro¬ 
duced  micro¬ 
moles/mg.  N/hr. 

P32_ATP 

cpmX10“’/mg.  P/hr. 

Citrate 

Control 

0.17  +0.015 

0.10 

+  0.013 

55 

+  11 

Testosterone 

0.28**  +0.03() 

0.30** 

+  0.043 

140* 

*+27 

Progesterone 

0.21  +0.033 

0.12 

+  0.013 

00 

+  12 

.\ndrosterone 

0.22*  ±0.018 

0.15* 

±0.010 

54 

±13 

Sueeinate 

(k)ntrol 

0.82  +0.0fi‘t 

0 . 20 

+  0.030 

'.to 

+  19 

Testosterone 

1.04*  +0.070 

0.33* 

+  0.055 

85 

+  17 

Progesterone 

0.85  +0.000 

0.24 

+  0.040 

81 

+  17 

.Xndrosterone 

0.88  ±0.105 

0.25 

±0.027 

01 

±20 

Laetate 

Control 

O'.  40  +0.030 

0.50 

+  0.031 

73 

+  5 

Testosterone 

0.52*  +0.031 

0.85** 

+  0.077 

130* 

*+21 

Progesterone 

0.41  +0.038 

0.47 

±0.042 

()5 

±15 

.\ndrosterone 

0.48  ±0.070 

0.03 

±0.000 

70 

±18 

.Malate 

Control 

0.25  +0.027 

0.43 

+  0.051 

77 

+  0 

Testosterone 

0.37**  +0.033 

0.71** 

+  0.004 

170**  +22 

Progesterone 

0.27  +0.020 

0.53 

+  0.058 

74 

+  12 

Androsterone 

0.31  ±0.034 

0. 50 

+  0.002 

82 

±14 

The  VilluiLs  for  oxygen  consumption  and  a  keto  aciii  jiroduction  represent  mean  +  standard 
error  of  ten  determinations;  the  values  for  I’’*  incorporation  into  ATP  represent  mean  ±stand- 
ard  error  of  five  determinations. 

♦  P<().05  and  **  P<0.01. 

triphosphate  was  equal  in  homogenates  of  control  and  testosterone  treated 
muscles  incubated  with  succinate.  In  contrast  there  was  a  higher  rate  of 
incorporation  of  P'^*  into  ATP  in  muscle  from  testo.sterone  treated  rats  than 
in  control  muscles  incubated  with  malate  or  citrate  as  substrate. 

.\  second  series  of  rats  were  castrated  and  injected  with  the  appropriate 
steroids  and  the  experiments  were  repeated.  The  results  of  these  experi¬ 
ments,  summarized  in  Table  2,  with  citrate,  succinate,  lactate  and  malate 
as  substrates,  confirmed  and  extended  the  results  of  the  first  series.  The 
homogenates  of  muscles  from  progesterone  or  androsterone  treated  rats 
showed  no  .significant  difference  from  the  control  homogenates  with  suc¬ 
cinate  as  substrate.  The  homogenates  from  testosterone  injected  rats 
showed  a  greater  oxygen  consumption  and  a  greater  production  of  a-keto 
acid  than  did  the  homogenates  of  control  muscles.  However,  the  rate  of 
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incorporation  of  into  ATP  wa.'<  essentially  the  same  in  all  of  the  homo¬ 
genates  with  succinate  as  substrate. 

Homogenates  of  muscle  from  testosterone  treated  rats  incubated  with 
citrate  as  substrate  showed  a  greater  oxygen  consumption,  a  greater  pro¬ 
duction  of  a-keto  acid,  and  a  greater  incorporation  of  P^-  into  ATP  than 
did  homogenates  from  control  animals  (Table  2).  In  contrast,  the  homog¬ 
enates  from  muscles  of  progesterone  treated  animals  showed  no  significant 
increase  in  these  parameters.  Homogenates  of  muscles  from  androsterone 
treated  animals  showed  slight  increases  in  oxygen  consumption  and  a-keto 
acid  production  but  not  in  ATP  production.  With  lactate  or  malate  as  sub¬ 
strate,  the  homogenates  of  testosterone  treated  muscle  showed  a  markedly 
greater  rate  of  oxygen  consumption,  of  a-keto  acid  production,  and  of 
conversion  of  1”-  to  ATP  than  did  homogenates  from  control  animals.  The 
homogenates  of  muscle  from  progesterone  treated  animals  showed  no 
increase  over  controls  and  homogenates  from  androsterone  treated  animals 
showed  slight  but  statistically  non-significant  increases  in  oxygen  con¬ 
sumption  and  a-keto  acid  production  and  no  increase  in  the  conversion  of 
P^^  to  ATP.  The  most  clear-cut  and  reproducible  effects  are  thus  evident 
with  muscles  from  testosterone  treated  animals. 

The  muscle  homogenates  from  the  second  series  of  animals  were  charac¬ 
terized  by  slightly  lower  rates  of  oxygen  consumption  and  by  higher  rates 
of  production  of  a-keto  acids  than  the  first  series.  The  animals  in  the  second 
series  were  somewhat  older  when  sacrificed  but  no  satisfactory  explanation 
of  these  differences  in  metabolic  baselines  can  be  offered.  In  both  series, 
however,  the  differences  between  control  and  testosterone  injected  animals 
are  evident. 

In  four  experiments,  testosterone  at  a  level  of  1  /zg  per  ml.  was  added  in 
vitro  to  homogenates  of  muscles  from  castrate  animals  incubated  with 
citrate  as  substrate.  In  contrast  to  the  enhancing  effects  of  testosterone 
administered  in  vivo,  its  addition  in  vitro  did  not  increase  oxygen  consump¬ 
tion,  the  production  of  a-keto  acid  or  the  incorporation  of  P^*  into  ATP. 
The  average  of  these  values  was  about  15%  less  in  v’essels  to  which  testos¬ 
terone  was  added  than  in  control  vessels.  These  differences,  however,  were 
not  large  enough  to  be  statistically  significant.  Eisenberg,  Gordan  and 
lilliott  (10)  had  ol)served  significant  inhibitions  by  testosterone  of  both 
glucose  and  pyruvate  oxidation  by  diaphragm  and  levator  ani  muscle  but 
they  used  concentrations  of  testosterone  1000-fold  greater  (1  mg.  ml.)  than 
the  concentration  employefl  here.  In  four  other  experiments,  estradiol 
added  at  a  level  of  1  /zg  per  ml.  to  homogenates  of  muscles  from  control, 
castrate  animals  had  no  effect  on  the  metabolism  of  the  muscle  homog¬ 
enate. 

The  total  amount  of  pyridine  nucleotides  in  the  liv’er  was  essentially  the 
same  in  control  and  in  testosterone  treated  animals  (Table  3).  The  ratio  of 
oxidized  DPX  to  reduced  DPX  did  not  differ  significantly  in  any  of  these 
tissues  but  the  ratio  of  oxidized  TPX"  to  reduced  TPX  appears  to  be  con- 
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Table  3.  Effect  of  testosterone  administration  on  levels  of 

PYRIDINE  NUCLEOTIDES  IN  TISSUES  OF  CASTRATE  MALE  RATS 


J)PN 

DPNH 

TPN 

TPNH 

Liver,  control 

.393 

.170 

.0149 

.348 

Liver,  testosterone  injected 

.45 

.147 

.025 

.330 

Kidnev,  control 

.71!) 

.408 

.030 

.217 

Kidney,  testosterone  injected 

..592 

.402 

.072 

.187 

Muscle,  control 

.510 

.004 

<  .005 

.025 

Muscle,  testosterone  injected 

.429 

.030 

<  .005 

.017 

Values,  expressed  as  micromoles  per  gram  tissue,  are  averages  of  five  determinations. 


sistently  greater  in  tissues  from  testosterone  treated  animals  than  in  control 
tissues.  The  concentration  of  oxidized  TPX  in  both  control  and  testoster¬ 
one  muscles  is  very  low  and  can  only  be  said  to  be  less  than  0.005  micromole 
per  gram  fresh  tissue. 


DISCUSSION 

The  finding  that  homogenates  from  testosterone  treated  muscles  have  a 
greater  oxygen  consumption  than  control  tissues  with  citrate,  malate,  or 
lactate  as  substrate  but  not  with  succinate  as  substrate  suggests  that  the 
activity  of  DPXH  cytochrome  c  reductase  in  these  responsive  muscles  is 
increased  by  the  injection  of  testosterone.  The  hydrogens  from  succinate 
are  transferred  by  succinic  dehydrogenase  to  a  flavoprotein  which  passes 
the  electrons  on  to  the  cytochrome  system.  In  contrast,  the  hydrogens 
removed  from  citrate  (via  aconitase  and  isocitric  dehydrogenase),  malate, 
or  lactate  are  transferred  first  to  a  pyridine  nucleotide,  either  DPX  for 
malate  and  lactate  or  TPX  for  isocitrate.  The  reduced  pyridine  nucleotide 
is  then  oxidized  by  DPXH  cytochrome  c  reductase  and  the  hydrogens  are 
transferred  to  a  flavoprotein.  The  results  would  not  appear  to  be  consistent 
with  a  hypothesis  that  testosterone  affects  a  pyridine  nucleotide  transhy- 
drogenase  sy.stem  since  the  stimulation  is  evident  with  sub.strates  that 
utilize  DPX  as  hydrogen  acceptor  (malate  and  lactate)  as  well  as  with 
those  that  utilize  TPX^  (isocitrate).  The  present  observations  could  also  be 
accounted  for  if  administered  testosterone  increased  the  activity  of  several 
dehydrogenases,  lactic  and  malic,  and  if  these  enzymes  were  rate-limiting 
in  the  muscles  of  ca.strate  animals.  Xo  direct  measurements  of  the  activities 
of  the  individual  enzymes  were  made  in  these  experiments  but  Endahl  and 
Kochakian  (12)  reported  that  the  succinic,  malic  and  isocitric  dehydro- 
gena.se  activities  of  liver,  heart,  kidney  and  skeletal  muscle  are  not  altered 
by  castration  or  by  administered  androgens. 

The  pre.sent  experiments,  like  those  of  several  other  investigators,  appear 
to  implicate  the  enzyme  DPXH  cytochrome  c  reductase  as  a  site  of  action 
of  a  steroid  hormone.  This  has  been  .suggested  to  explain  the  action  of  pro¬ 
gesterone  on  galactose  metabolism  in  rat  liver  (18),  for  the  effects  of  several 
steroids  in  rat  liver  and  muscle  (14),  and  for  the  action  of  estradiol  in  the 
rat  uterus  (15).  The  present  study  suggests  an  effect  on  DPXH  cytochrome 
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c  reductase  which  is  mediated  by  an  androgen  but  which  appears  to  be  a 
stimulation  rather  than  an  inhibition  of  the  enzyme  system.  When  the 
hormone  is  added  in  vitro  rather  than  in  vivo  the  homogenate  is  slightly 
inhibited  rather  than  stimulated.  The  difference  between  inhibition  and 
stimulation  may  be  simply  due  to  a  concentration  effect  comparable  to  that 
found  with  stilbestrol  and  the  pyridine  nucleoti(le  transhydrogenase  of  the 
placenta  (Ki). 

The  greater  accumulation  of  a-keto  acids  in  homogenates  of  testosterone 
treated  muscle  than  of  control  muscle  with  malate  or  lactate  as  substrate 
can  be  understood  as  resulting  from  increased  DPNH  cytochrome  c  re¬ 
ductase  activity  if  the  concentrations  of  1)PX  and  DPNH  are  unchanged, 
as  the  analyses  reported  here  indicate.  If  the  rate  of  DPNH  oxidation  is 
rate-limiting  and  the  ratio  of  I)PX;  DPXH  remains  constant;  then  the 
rate  of  DPXH  production  (e.g.  lactate-fDPX— »pyruvate-l-DPXH)  would 
be  limited  by  the  rate  of  DPXH  oxidation,  and  an  increase  in  DPXH  oxi¬ 
dation  might  be  accompanied  by  an  increased  production  of  a-keto  acid. 
The  differences  in  the  production  of  a-keto  acid  observed  in  muscles  of 
testosterone  treated  animals  and  controls  incubated  with  citrate  or  suc¬ 
cinate  as  substrate  are  much  smaller  and  may  be  attributed  to  the  metabo¬ 
lism  of  endogenous  lactate  and  malate. 

A  stimulation  of  DPXH  cytochrome  c  reductase  by  testosterone  could 
lead  to  an  increased  rate  of  oxidative  phosphorylation,  an  increased  rate  of 
production  of  ATP,  and  secondarily  to  increased  rates  of  the  energy- 
re{iuiring  reactions  involved  in  the  growth  of  muscle. 
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THE  PRESE^X"E  OF  THE  MATE  AND  OF  NESTING 
MATERIAL  AS  STIMULI  FOR  THE  DEVELOPMENT 
OF  INCXT^ATION  BEHAVIOR  AND  FOR  GONAD¬ 
OTROPIN  SECRETION  IN  THE  RING 
DOVE  {SrREPTOPELIA  RISORIAY 
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ABSTRACT 

We  have  studied  tlie  effeets  of  stimuli  provided  by  tlie  preseuee  of  a  bird  of 
opposite  sex,  and  l)y  tlie  prc'senee  of  a  nest-l)o\vl  and  m'stiiiK  matc'rial,  on  tin* 
development  of  readiness  to  ineid)ate  e^s^  in  male  and  in  female  rinfj;  doves, 
and  on  sonadotrojjin  seeretion  in  females.  All  subjeets  had  i)revious  breeding 
experience.  The  results  show  that  the  |)resenee  of  a  male  in  the  cage  causes  the 
gradual  development,  over  an  8-day  i)eriod,  of  readiness  to  sit  on  eggs,  and 
that  the  additional  presence  of  a  nest-bowl  and  nesting  material  augments  this 
effect,  starting  on  about  the  (ith  day.  The  presence  of  the  female,  and  of  nest¬ 
ing  material,  have  similar  effects  on  the  incubation  behavior  of  the  male,  except 
that  the  effect  of  nesting  material  may  be  seen  earlier  (about  the  4th  day)  in 
the  male  than  in  the  female.  CJonadotropin  activity  in  the  female,  as  indicated 
by  oviduct  growth  and  by  incidence*  of  ovulation,  is  stimulat**d  by  the  presence 
of  a  male,  and  augment(*d  by  the  presence  of  nesting  material.  The  occurrence* 
e)f  incubation  behavie)r  in  females  is  close-ly  associated  with  that  e)f  ovulatie)n, 
anel  a  number  of  lines  eef  evidence  sugge'st  that  a  i)re)g(>stin  is  implicate*el  in 
the  instigation  e)f  this  behavie)!*. 

WHI')N  a  pair  of  ring  clove.s  which  have  had  previous  l)ree(ling  experi¬ 
ence  is  placed  in  a  breeding  cage  containing  a  nest  and  eggs,  they  do 
not  sit  on  the  eggs  until  after  .several  days,  during  which  they  exhibit  the 
progression  of  courtship  and  nest-building  behavior  which  normally  pre¬ 
cedes  the  laying  and  incubation  of  their  own  eggs  (10).  Both  sexes  partici¬ 
pate  in  incubation.  It  has  been  shown  that  association  with  the  mate,  and 
the  presence  of  a  nest-bowl  and  nesting  material,  facilitate  the  .successive 
development  of  the  pair’s  readine.ss  to  build  a  nest  and  to  sit  on  eggs, 
although  our  previous  work  has  not  distinguished  between  the  role  of  the 
male  and  that  of  the  female.  Nest-building  can  be  induced  by  exogenous 
estrogens,  and  incubation  behavior  by  exogenous  progesterone  (11,  28). 
These  findings  suggest  that  the  onset  of  incubation  behavior  may  be 
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associated  with  the  presence  of  gonadal  hormones,  and  that  tlie  secretion 
of  these  hormones  may  be  elicited  or  facilitated  by  stimuli  coming  from  the 
mate  and  from  the  nesting  situation.  The  purpose  of  the  present  experiment 
is  to  examine:  a)  the  effect  of  the  presence  of  the  mate  and  of  a  nesting 
situation  (nest-bowl  and  nesting  material)  on  the  development  of  readiness 
to  incubate  in  male  and  in  female  ring  doves;  b)  the  effect  of  these  stimuli 
on  gonadotropin  secretion  in  the  female  ring  dove,  as  indicated  by  ovarian 
activity;  and  c)  the  relationship  between  ovarian  activity  and  readiness  to 
incubate. 


MATERI.\L  AND  METHODS 

Animals.  The  subjects  were  ring  doves  (Streptopelia  risoria)  procured  from  Mr. 
J.  W.  Steinbeck  of  Concord,  California,  or  the  first-generation  offsjjring  of  animals 
from  this  source. 

Cages  and  Maintenance.  Experimental  cages  were  of  wood,  each  32'  wide,  18'  tleej), 
and  14'  high,  with  wire-mesh  front  doors.  They  were  provided  with  dispensers  for 
water,  food  and  a  grit-and-mineral  mixture,  and  (when  recjuired)  a  glass  bowl  4^'  in 
diameter,  in  which  the  birds  build  their  nests.  These  cages  were  illuminated  by  strips 
of  fluorescent  lights  mounted  on  a  wall  o'  0'  in  front  of  the  doors. 

Stock  cages  were  35'  cubical  cages  built  with  wooden  frames  and  wire-mesh  sides. 

Isolation  cages  were  metal  rat  cages  IfiJ'  wide,  9J'  deep,  and  7'  high,  nn)unted  in 
racks. 

Water,  food  and  grit  were  continuously  available  in  all  cages.  Nesting  material  con¬ 
sisted  of  pine  needles  or  hay  placed  on  the  floor  in  a  corner  of  the  bree<ling  cage*. 

Breeding  cages,  stock  cages  and  isolation  cages  were  kept  in  separate  rooms.  Lights 
in  all  rooms  were  clock-controlled,  being  turned  on  at  brOO  .v.m.  and  off  at  8:00  p.m., 
EST.  Temperature  in  all  rooms  was  72°-74°  F,  except  for  brief  and  irn'gularly-distrib- 
uted  periods  of  malfunctioning  of  the  temperature-control  apparatus. 

Experience  prior  to  testing.  The  laboratory-reared  birds  were  hatched  in  experimental 
cages.  .Vll  birds  were  kept  in  stock  cages  after  being  separated  from  their  parents  at  the 
age  of  21  days,  or  after  being  received  from  the  supplier.  The  sex  ami  degree  of  maturity 
were  determined  by  an  exploratory  laparotomy,  and  the  birds  i)laced  in  pairs  in  expt'ri- 
immtal  eages.  They  were  allowed  to  breed  once,  their  young  being  removed  when  21 
days  of  age.  ,\t  the  same  time,  the  subjects  were  removed  to  individual  isolation  cages. 
They  were  kept  in  isolation  for  .3-5  weeks,  and  then  placed  in  the  exiierimental  cages  for 
testing.  During  the  tests,  subjects  were  never  pained  with  birds  with  which  they  had 
previously  been  mated. 

In  summary,  all  subjects  were  birds  with  previous  breeding  experience  eonsisting 
of  one  successful  breeding  cycle,  and  had  been  in  isolation  for  from  3  to  5  weeks  prior 
to  testing. 

Experimental  procedure.  The  general  procedure  was  to  i)lace  birds,  singly  or  in  pairs, 
in  experimental  cages  for  a  variable  number  of  days,  after  which  they  were  tested  to 
determine  whether  they  would  sit  on  eggs,  and  the  females  were  autopsied  to  determine 
oviduct  weights,  and  whether  they  had  ovulated. 

Three  groups  were  arranged.  Control:  females  were  placed  alone  in  breeding  cages 
without  nest  bowl  or  nesting  material;  Mate:  subjects  were  placed  in  the  breeding  cages 
in  male-female  pairs,  without  nest  bowl  or  nesting  material;  M ate sting  material: 
birds  were  placed  in  pairs  in  the  cages,  with  a  nest  bowl  and  a  supply  of  nesting  ma¬ 
terial  in  each  cage. 
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The  birds  were  tiikeii  from  the  isolation  eages  and  jjlaeed  in  an  experinnmtal  ea^ie 
between  9:00  a.m.  and  10:00  a.m.  (on  day  0).  Between  0  and  S  <iays  later,  at  tlie  same 
hour,  a  nest  bowl  eontainiiif;  a  nest  and  two  e^K^,  taken  from  a  breedinj;  pair  in  tlu‘ 
eolony,  was  plaeed  in  the  eaue,  the  original  nest  bowl,  if  any,  being  rcMnovi'd.  The  eage 
was  then  visited  every  :I0  min.  to  determine  wlndher  either  of  the  birds  was  sitting  on 
the  eggs.  If  neither  bird  had  sat  by  the  end  of  3  hours,  both  birds  were  removed.  If 
either  bird  sat  during  the  3-ho\ir  period,  it  was  removed,  and  the  other  bird  allowed  to 
remain  in  the  eage  until  it  sat,  or  until  3  ad<litional  hours  had  i)assed.  .Ml  females  were 
killed  for  autopsy  as  soon  as  they  were  observed  sitting,  or  at  the  end  of  the  observation 
jx'riod. 

In  summary,  birds  kept  in  test  eages  for  varying  periods  of  time  (0  to  8  days),  either 
alone,  with  a  mate,  or  with  a  mate  and  nesting  material,  were  tested  for  incubation 
response  to  eggs,  and  then  killed  for  autopsy. 

Twenty  i)airs  of  birds  were  used  for  each  treatment  and  each  time  intc'rval  in  the 
experimental  groups,  and  20  females  for  each  time  interval  in  the  control  grouj),  a  total 
of  340  males  and  400  females. 


RESULTS 

Incubation  behavior 

Females  left  alone  in  test  cages  for  varying  periods  of  time,  up  to  7  days, 
and  then  tested  by  being  presented  with  nests  and  eggs,  do  not  .sit  on  the 
eggs  (Fig.  1,  “control”).  Previous  work  has  shown  that  birds  of  either  .sex, 
kept  singly  in  cages  with  ne.sts  and  eggs,  and  with  nesting  material,  do  not 
sit  on  them  during  te.st  periods  of  up  to  (5  weeks  (10). 

By  contrast,  when  birds  are  placed  in  pairs  in  the  cages,  and  then 
presented  with  nests  and  eggs  after  periods  of  up  to  (S  days,  incubation 
behavior  is  induced,  the  number  of  birds  sitting  on  the  eggs  gradually 
increasing  from  day  to  day,  both  in  females  (Fig.  1,  “mate”)  and  in  males 
(Fig.  2,  “mate”). 

The  presence  of  a  nest  bowl  and  nesting  material  in  the  cage  during  the 
period  before  the  introduction  of  the  nest  and  eggs  further  stimulates  the 
development  of  incubation  behavior,  as  shown  by  the  greater  numbers  of 
birds  of  both  .sexes  (Figs.  1,  2,  “mate+nesting  material”)  which  sit  on  the 
eggs  under  these  conditions,  compared  with  birds  stimulated  only  by  the 
presence  of  the  mate. 

It  may  be  noted  that  the  two  sexes  do  not  respond  in  (piite  the  same  way 
to  the  pre.sence  of  nesting  material.  P-values  for  the  differences  between 
the  incidence  of  incubation  behavior  in  the  two  stimulus  situations  are 
shown  for  the  various  days,  separately  for  males  and  for  females,  in  Table 
1,  where  it  will  be  seen  that  the  presence  of  nesting  material  induces  a 
higher  incidence  of  such  behavior  (compared  with  that  occurring  in  birds 
kept  with  a  mate  alone)  starting  on  the  4th  day  in  the  males,  but  not  until 
the  6th  day  in  the  females,  a  difference  which  is  also  apparent  on  visual 
comparison  of  Figures  1  and  2.  Possible  reasons  for  this  difference  between 
the  sexes  will  be  discussed  below. 
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Fig.  1.  Effect  of  a.ssoeiation  with  a  mate  or  with  a  mate+nesting  material  on  the 
development  of  incubation  behavior  in  female  ring  doves. 

Each  point  is  derived  from  tests  of  20  birds.  Xo  individual  bird  is  represented  in 
more  than  one  point. 

The  abscissa  represents  the  duration  of  the  subject’s  association  with  a  mate  or  with 
a  mated- nesting  material,  or  (for  the  control  group)  the  time  spent  alone  in  the  test 
cage,  just  jirior  to  being  tested  for  response  to  eggs.  “Day  0“  means  that  the  bird  was 
tested  immediately  upon  being  placed  in  the  cage. 


Ovarian  activity  and  the  relation  between  ovarian  activity  and  incubation 
behavior 

Figure  3  shows  the  incidence  of  ovulation  in  females  autopsied  on  the 
same  day  as  that  on  which  they  were  tested  for  incubation  behavior.  The 


Table  1.  P-valles  for  differences  in  incidence  of  inclbation  behavior  be¬ 
tween  “mate"  and  “mate -t- nesting  material”  groups* 


Xumber  of  days  association 

with  mate  (or  with  mate -j- nesting  material) 

0 

1  2  3 

4 

5  6 

7  8 

Female 

Male 

n.d.* 

n.d. 

n.d.  n.d.  .5’ 

n.d.  n.d.  .12 

>.3* 

<  .02 

n.d.  <  .001 

<.01  <.001 

.05  .08 

.02  .01 

*  Incidences  taken  from  Fig.  1  (females)  and  Fig.  2  (males). 

*  Xo  difference  between  frequencies  of  occurrence  of  incubation  behavior  with  and  with¬ 
out  nesting  material. 

*  P-values  in  ordinary  type  are  calculated  by  Fisher’s  exact  method.  Conditions  for  the 
use  of  X*  not  met  (25). 

*  P-values  in  italics  are  based  on  x*- 
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Fig.  2.  EfToct  of  association  with  a  mate  or  witii  a  mat(‘  + nesting  material  on  the 
development  of  incubation  behavior  in  male  rin^  doves.  See  caption,  Fig.  1. 


absence  of  ovulations  in  the  control  group  (kept  alone  in  cages),  and  the 
sharply  rising  frequencies  of  ovulation  in  the  two  groups  kept  with  mates 
and  nesting  material,  indicate  that  ovulation  is  induced  by  stimuli  asso¬ 
ciated  with  the  presence  of  the  mate,  augmented  by  those  associated  with 
the  pre.sence  of  the  nest  bowl  and  nesting  material. 

The  close  similarity  between  the  curves  describing  the  incidence  of 
incubation  behavior  (Fig.  1)  and  of  ovulation  (Fig.  II)  in  the  females  of  the 
various  groups  suggests  that  the  phy.siological  conditions  associated  with 
ovulation  are  the  same  as  those  associated  with  readiness  to  incubate  eggs. 
Table  2  shows  the  relationship  between  the  readiness  to  incubate  on  the 
test  day  and  the  occurrence  of  ovulation  prior  to  the  te.st  (i.e.  up  to  the 
time  of  autopsy),  for  all  females  in  the  groups  in  which  incubation  behavior 


Table  2.  Coincidence  ok  inccbation  behavior  and  of  i’BEccrrent 

OR  CONCCRRENT  OVCLATION  IN  FEMALE  RING  DOVES 


Ovarian  activitv 


( )vulatcd 
Did  not  ovulate 


Behavior 


Incubated 

111 

14 

x’=  200.4. 


Did  not  incubate 


18 

177 
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Fig.  3.  Eff(>ct  of  association  with  a  mate  or  with  a  mate  +  nesting  Jiiaterial  on  the 
oceurrenee  of  ovulation  in  female  ring  doves.  See  caption,  Fig.  1. 

and  ovulations  occurred.  The  clii-square  value  of  200.4  indicates  a  very 
hip:li  degree  of  a.s.sociation  between  the  occurrence  of  ovulation  and  of 
incubation  behavior.  The  same  strong  association  is  shown  when  the 
“mated" nesting  material”  group  (x^  =  111.9o)  and  the  “mate”  group 
(x‘  =  S().ol)  are  examined  .separately. 

Oviduct  weights,  summarized  in  Figure  4,  show  a  .similar  pattern:  no 
increase  in  oviduct  weight  occurs  while  the  female  dove  is  alone  in  the  cage; 
duct  weight  increa.ses  as  a  re.sult  of  the  pre.sence  of  a  male;  and  this  increase 
is  augmented  by  the  presence  of  nesting  material.  The  inversion  of  the 
oviduct  weight  curves  for  the  “ mate -1- nesting  material”  and  the  “mate” 
groups  between  the  (ith  and  7th  day  is  due  to  the  fact  that  most  birds  of 
the  “mate-h nesting  material”  group  ovulated  earlier  than  those  of  the 
“mate”  group,  giving  up  oviduct  weight  in  the  form  of  albumen  .secretion 
(21).  In  each  of  the  two  groups,  the  oviduct  weights  on  day  2  are  signifi¬ 
cantly  higher  than  on  day  0  (Mann-Whitney  U  Test,  P<.05)  (25),  indi¬ 
cating  that  increa.ses  in  oviduct  weights  can  be  detected  within  48  hours 
after  the  beginning  of  association  with  a  male. 

DISCUSSION 

Most  species  of  birds  breed  .seasonally,  the  timing  of  the  breeding  sea.son 
being  influenced  by  a  variety  of  environmental  variables,  .such  as  daily 
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light  period,  weather,  availability  of  nesting  sites,  presence  of  other  birds, 
etc.  (12,  18).  It  has  long  been  apparent  from  naturalists’  observations  that 
one  of  the  functions  of  the  courtship  .singing  and  po.sturing  of  male  birds  is 
to  stimulate  the  development  of  sexual  receptivity  in  the  female  (8),  and 
F.  H.  A.  Marshall,  in  his  classic  papers  on  sexual  cycles  (15,  16),  .suggested 
that  this  stimulation  occurs  via  the  elicitation  of  the  secretion  of  gonad- 
stimulating  hormones  by  the  female’s  hypophysis. 

Harper  (6),  Craig  (2),  and  Matthews  (17)  have  shown  that  in  female 


Fig.  4.  Effect  of  association  with  a  mate  or  with  a  mate -j- nesting  material  on 
oviduct  growth  in  female  ring  doves.  See  caption,  Fig.  1. 


pigeons  and  doves,  egg-laying  may  be  .stimulated  by  the  presence  of  a  male. 
It  has  further  been  demonstrated  in  English  .sparrows  (19)  and  in  starlings 
(1)  that  the  ovary-stimulating  effects  of  additional  illumination  in  the  non¬ 
breeding  season  may  be  augmented  by  the  presence  of  males.  In  our  labora¬ 
tory,  adult  females  kept  in  i.solation  from  other  birds  do  not  lay  eggs,  and 
the  pre.sent  study  shows  that  the  presence  of  the  male  is  necessarj’  to 
stimulate  the  secretion  of  gonadotropins  sufficient  to  elicit  ovulation. 

This  experiment  does  not  demonstrate  that  no  gonadotropin  .secretion 
occurs  in  the  ab.sence  of  the  male.  The  oviducts  of  our  control  animals  are 
considerably  heavier  (700-800  mg.)  than  tho.se  of  doves  taken  just  before 
the  on.set  of  gonadotropin  .secretion  at  .sexual  maturity  (400-500  mg.) 
(12a).  Further,  all  these  experiments  were  carried  out  at  a  con.stant  day 
length  of  14  hours  light,  10  hours  dark.  Unpublished  experiments  from  our 
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laboratory  indicate  that,  if  the  birds  are  placed  without  mates  in  a  shorter 
day-length  (9  hours)  the  ovaries  and  oviducts  regress  considerably  below 
the  level  found  in  our  control  birds.  The  effect  of  stimulation  from  the  male 
on  gonadotropin  secretion  in  our  birds  is,  therefore,  co-active  with  stimu¬ 
lation  from  other  sources,  and  this  interaction  is  now  under  study  here. 

Xaturalists’  observations  also  suggest  that  the  presence  of  an  appropri¬ 
ate  nesting  site  and  of  nesting  material  is  a  factor  in  the  conditions  .stimu¬ 
lating  normal  gonadotropin  .secretion  during  the  breeding  sea.son  in  birds. 
.\  number  of  field  observers  have  noted  that  breeding  may  be  delayed  by 
the  ab.sence  of  nesting  material  during  the  normal  sea.son  (9),  and  Hinde 
and  Warren  (7)  found  that  depriving  female  dome.stic  canaries  of  nest 
material  and  of  a  nest  site  delayed  the  laying  of  eggs  in  the  spring.  Some 
dry -country  tropical  birds  breed  irregularly,  always  following  rainfall,  and 
Marshall  and  Disney  (14)  demonstrated  experimentally  in  the  case  of  the 
African  red-billed  weaver,  Quelea  quelea,  that  the  presence  of  green  gra.ss, 
used  for  nesting  material,  is  the  principal  stimulus  for  the  beginning  of 
breeding.  In  the  present  .study  it  is  clearly  indicated  that  the  presence  of 
nesting  material  augments  the  effect  of  the  male  in  stimulating  gonado¬ 
tropin  secretion  in  the  female. 

It  is  apparent  that  the  onset  of  the  readine.s.s  of  female  doves  to  incubate 
is  related  to  ovarian  activity.  This  is  indicated  in  the  pre.sent  study  by  the 
close  similarity  between  the  incidences  of  incubation  behavior  and  of  ovula¬ 
tion.  Further,  incubation  behavior  can  reliably  be  induced  in  doves  by  the 
administration  of  progesterone  (11),  which  probably  appears  endogenously 
at  about  the  time  of  ovulation  (4). 

In  female  doves,  it  thus  appears  that  the  .secretion  of  gonadotropins  is  in 
part  stimulated  by  the  mate  and  by  the  ne.sting  .situation  (nest  bowl  and 
nesting  material),  and  that  the  ovarian  secretory  activity  thus  induced 
contributes  to  the  occurrence  of  incubation  behavior  at  about  the  time  of 
ovulation.  The  situation  in  the  male  is  more  oi)scure.  We  have  not  yet  been 
able  to  demonstrate  any  histological  differences  between  those  males 
which  do,  and  those  which  do  not,  sit  on  eggs;  nor  between  males  which 
have,  and  males  which  have  not,  been  placed  with  females  and  with  nesting 
material.  Xeverthele.ss  males,  like  females,  develop  incubation  behavior  as 
a  result  of  being  as.sociated  with  a  mate,  and  this  development  is  aug¬ 
mented  by  the  presence  of  nesting  material.  We  are  continuing  this  study, 
and  it  is  of  course  po.s.sible  that  we  will  detect  changes  in  the  te.stes  or 
hypophysis  (or  elsewhere)  a.ssociated  with  the  onset  of  incubation  behavior. 
Another  possibility,  also  now  under  study,  is  that  the  endocrine  condition 
of  the  male  does  not  change  as  a  re.sult  of  a.s.sociation  with  a  female,  but 
that  his  behavior  changes  in  response  to  the  changes  in  her  behavior,  con- 
se(}uent  on  the  endocrine  changes  induced  in  her  by  association  with  the 
male.  We  cannot  at  present  decide  the  point.  It  may  be  noted,  however, 
that  the  con.sen.sus  of  data  in  the  literature  of  sexual  photoperiodicity  is 


March,  tmi  I:XTP:RNAL  stimuli  and  DONADOTROPIN  secretion  515 

that  males  of  most  wild  bird  species  can  be  brought  to  full  spermatogenesis 
by  increased  light-period  alone,  while  ovum  growth  brought  about  solely 
by  this  stimulus  never  achieves  ovulation  (8). 

The  fact  that  the  presence  of  nesting  material  appears  to  influence  the 
incidence  of  incubation  behavior  in  males  by  the  4th  day,  while  it  does  not 
do  so  in  females  until  the  (ith  day  (Table  1)  requires  some  explanation.  In 
ring  doves,  as  in  other  species  of  pigeons  and  doves  (5)  the  male  does  most 
of  the  gathering  of  nesting  material,  which  he  carries  to  the  nest,  where  the 
female  does  most  of  the  building.  It  may  be  that  the  presence  of  nesting 
material  alters  the  reproductive  condition  of  the  female  partly  by  altering 
the  behavior  of  the  male  toward  her. 

What  of  the  role  of  prolactin  in  initiating  incubation  behavior  in  doves? 
This  hormone  is  traditionally  stated  to  form  the  principal  physiological 
background  of  such  behavior  in  chickens  (22)  and  is  .sometimes  as.sumed  to 
be  involved  in  all  types  of  parental  behavior  in  birds  and  other  animals  as 
well  (20).  The  results  reported  here  suggest  that,  in  doves,  ovarian  hor¬ 
mones  are  the  principal  instigators  of  incubation  behavior.  Further,  in¬ 
jected  progesterone  induces  incubation  behavior  in  doves,  without  any 
evidence  of  crop  growth,  and  crop  growth  does  not  normally  begin  until 
after  the  beginning  of  incubation  (11).  There  is  evidence  that  participation 
in  incubation  induces  prolactin  .secretion  (18),  and  that  prolactin  so  in¬ 
duced  maintains  incubation  behavior  (24),  but  it  may  be  questioned 
whether  the  initiation  of  this  behavior  depends  upon  this  hormone.  Unpub¬ 
lished  experiments  in  our  laboratory  indicate  that  prolactin  does  not 
induce  incubation  behavior  in  doves  as  reliably  as  does  progesterone,  even 
in  doses  large  enough  to  cause  full  crop  development,  and  that  it  does  not 
do  so  at  all  when  the  dosage  is  small  enough  so  that  no  appreciable  crop 
growth  occurs. 
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ABSTRAC’i' 

Experimental  evidenee  is  jjresented  whieh  demonstrates  that  a  parallel  exists 
between  the  effeetiveness  of  eortieotrophie  pituitary  pn'parations  in  restorinf>; 
to  normal  heat  production  (oxygen  consumption)  and  erythropoiesis  (rc'd  cell 
volume)  in  hypophysectomized  rats.  Both  effects  are  absent  when  the  adrenals 
are  also  removed.  Oxidation  of  the  X-terminal  serine  of  corticotnjphin  by 
periodate  destroys  both  resi)onses.  The  adrenal  Kbu‘<><’f»’fh‘<*><ls  exert  both 
effects  in  hypophysectomized  rats  and  as  with  corticotrophin  the  resi)onses 
increase  with  dose.  In  the  absence  of  the  thyroid  as  well  as  the  pituitary  tin* 
erythropoietic  response  to  adrenal  steroids  is  mart!;inal,  judged  by  ealculations 
based  on  final  body  weight,  but  negative  judged  on  the  basis  of  initial  body 
weight,  the  difference  being  due  to  serious  weight  loss.  Thyroidectomized  rats 
also  display  a  weight  loss  after  adrenal  steroid  administration  which  compli¬ 
cates  the  interpretation  of  the  erythropoietic  values.  Surprisingly,  there  is  a 
striking  regranulation  of  pituitary  acidophils  in  thyroidectomized  rats  treated 
with  hydrocortisone.  Thyroxine  in  normal  rats  induces  excess  heat  iiroduetion, 
without  detriment  to  body  size,  and  polycythemia  accompanied  by  adnuial 
cortical  hypertrophy.  The  plasma  of  such  polycythemic  animals  does  not  con¬ 
tain  an  erythropoietic  stimulant.  Thyroxine  in  hypophyseetomized  rats  in¬ 
creases  heat  production  and  restores  erythropoiesis  to  normal,  but  not  above 
normal,  with  no  adrenal  cortical  response.  Dinitrophenol,  another  potent 
calorigenic  agent,  also  increases  red  cell  volume  in  the  thyroid  deficient  animal. 
These  findings  re-emphasize  the  crucial  role  of  the  endocrine  system  in  adjust¬ 
ing  the  erythrocyte  content  of  the  blood  to  the  oxygen  re(}uirements  of  the 
organism. 

During  the  course  of  a  series  of  experiments  on  the  hormonal  factors 
controlling  heat  production  in  the  rat  (1,  2),  an  opportunity  was 
afforded  for  simultaneously  examining  the  question  of  whether  a  relation 
exists  between  calorigenesis  and  erythropoiesis.  The  purpose  of  this  paper 
is  to  present  evidence,  as  have  Crafts  and  Meineke  (3,  4,  5,  0)  and  .Jacobson 
and  co-workers  (7,  8),  that  a  parallel  does,  indeed,  exist  between  the  level 
of  oxygen  consumption  and  the  degree  of  erythropoiesis. 

M.VTERIALS  AND  METHODS 

In  this  investigation  normal,  hypoiiliyscctomizcd,  thyroidectomized,  hypophy- 
sectomized-thyroidectomized  and  hypophysectomized-adrenalectomized  female  rats  of 
the  Long-Evans  strain  were  employed.  Hypophysectomy  and  thyroidectomy  were  p(*r- 
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formed  at  28  days  of  age.  In  rats  subjected  to  the  double  operations,  liypophyseetomy 
was  at  28  days  of  age  and  thyroidectomy  or  adrenalectomy  50  days  later.  The  calori- 
genic  substances  administered  to  the  operated  animals  were  adrenocorticotrophic  hor¬ 
mone  (.\CTH),  corticosterone,  cortisone  acetate,  hydrocortisone  acetate,  1-thyroxine 
and  2,4-dinitrophenol  (l)NP).  Injections  were  begun  46  days  after  hjjjophysectomy 
or  thyroidectomy,  in  order  to  allow  time  for  the  development  of  the  anemia  which  oc¬ 
curs  after  each  operation.  In  rats  subjected  to  two  operations,  injections  were  begun  one 
day  after  the  second  operation.  The  period  of  treatment  of  all  operated  rats  was  14 
days  except  in  the  hypophysectomiz(*d  group  receiving  thyroxine  for  28  days.  The 
normal  rats  were  injected  with  increasing  doses  of  dl-  or  L-thyroxine  for  periods  of  68 
and  84  days  respectively,  beginning  at  28  days  of  age.  Young  adult  male  rats  were  also 
injected  chronically  with  high  doses  of  thyroxine  and  their  plasma  assayed  for  the 
presence  of  an  erythropoietic  stimulant.  The  special  conditions  of  this  experiment  will 
be  given  with  the  results.  Further  details  on  operative  procedures,  criteria  of  complete¬ 
ness  of  ablations,  care  of  animals  and  typ«>s  of  substances  injected  are  given  in  the 
appendix  (9-15). 

Metabolic  rates  were  determined  on  day  12  of  the  14  day  injection  period  with  a 
closed  circuit  respiration  appratus  consisting  of  eight  chamb(‘r.s  which  was  iiatterned 
after  that  described  by  Kleiber  (16).  The  metabolic  rates  of  the  normal  rats  injected 
chronically  with  thyroxine  were  followed  at  periodic  intervals  during  the  injection  pe¬ 
riod.  In  order  to  control  variations  incident  to  time  of  day  or  night,  the  metabolic  rates 
were  measured  simultaneously  for  representatives  of  the  treated  and  control  groups.  .\11 
rats  were  fasted  four  hours,  then  allowed  to  adjust  to  the  temperature  of  the  apparatus 
(30.0°  C  with  a  range  of  0.1°)  for  one  hour  prior  to  oxygen  consumption  nu'asurements. 
The  liters  of  oxygen  consumed  per  rat  over  a  2.5  hour  experimental  period  were  con¬ 
verted  into  Calories  per  hour  by  the  factor  4.80.  The  Calories  per  hour  per  square  meter 
.of  body  surface  wen*  calculated  by  Benedict’s  formula  for  the  rat: 


area  in  m* 


9  X  (Body  Weight  in  gm.)- 

10,000  ~ 


The  metabolic  rate  so  described  is  the  standard  metabolic  rate  and  not  the  basal  meta¬ 
bolic  rate  as  defined  for  human  beings. 

Twenty-four  hours  after  the  last  injection,  the  blood  volume  of  each  rat  was  deter¬ 
mined  b}’  the  Fe^*  tagged  red  cell  dilution  method  (17),  which  consists  essentially  in  the 
measurement  of  the  dilution  of  radioactivity  of  injected  tagged  red  cells  (0.03  /xc.  Fe®* 
in  0.1  ml.  whole  blood)  in  the  circulation  of  recipient  rats.  The  red  cell  volumes  were 
calculated  by  multiplying  the  blood  volume  by  the  hematocrit  which  was  determined 
simultaneously.  The  results  are  presented  in  terms  of  ml.  of  red  blood  cells  per  100  gm. 
of  final  body  weight.  Hemoglobin  concentrations  were  determined  by  the  method  of 
Turner  (18)  and  the  results  are  expressed  as  gm.  of  hemoglobin  per  100  ml.  The  thyroid- 
ectomized  and  hypophysectomized-thyroidectomized  rats  were  not  exsanguinated  as 
is  routine  in  determination  of  blood  volume;  instead,  a  1.25  ml.  sami)le  of  blood  was 
withdrawn  from  the  external  jugular  vein.  The  rats  were  then  immediately  injected 
with  1'®‘  for  checking  the  completeness  of  thyroid  removal. 

.\t  autopsy  the  pituitary,  thyroid  (when  present),  adrenals,  thymus,  ovaries,  and 
uterus  were  removed  from  each  normal  rat  injected  with  thyroxine  and  from  each 
thyroidectomized  rat  injected  with  hydrocortisone  and  dinitrophenol  and  weighed.  The 
pituitaries  were  fixed  in  sublimate-formol  (9:1)  and,  after  nitrocellulose  embedding, 
weie  sectioned  at  four  micra  in  a  horizontal  plane.  Representative  sections  from  three 
levels  of  the  gland  were  stained  by  the  periodic  acid-Schiff-iron  hematoxylin-orange  G 
technique.  The  adrenals  were  fi.xed  in  10%  formol,  embedded  in  gelatin,  frozen,  sec¬ 
tioned  at  ten  micra.  and  stained  with  Sudan  black.  The  ovaries  were  fixed  in  Bouin’s 
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Table  1.  Erythropoietic  and  calorigenic  response  ok  hypophysectomized 
RATS  (H)  to  various  adrenocorticotrophic  preparations 


Preparation 

Dose 

Mg/da\714 

days 

No.  of  rats 

Red  cell  vol¬ 
ume  per  100  gm. 
B.W.  ml. 

Metabolic 
rate  Cal./ 
m.*/hr. 

Oxyeellulose  Eluate  (Ellis) 

150 

8 

2.56  ±0.10* 

30.2  ±2.4 

Column  Chromatography 
(EllLs) 

100 

8 

2.6510.10 

48.011.7 

122(B) 

50 

7 

2.6710.11 

42.611 .3 

112(2) 

50 

7 

2.51  +0.02 

44.313.0 

107 

100 

8 

2.4010.11 

45.011 .8 

Column  Chromatography 

50 

7 

2.01  ±0.10 

36.011 .6 

(Merck  Corticotropin  B) 

100 

7 

2.1610.05 

36.1  ±1 .4 

Counter-current  Distribution 
(Paul  Bell-Lederle  a-pool 

100 

12 

2.2310.06 

31 .1  ±1 .0 

corticotropin) 

5 

t) 

1.52+0.04 

20.1  +0.6 

Counter-current  Distribution 

10 

5 

1 .8810.04 

24.411 .0 

(Li  a-corticotropin) 

25 

() 

2.1810.04 

31.1  ±1.5 

50 

0 

2.11  ±0.03 

36.011 .7 

H  Control 

_ 

22 

1 .40+0.05 

20.1  +0.5 

N  Control 

— 

20 

2.3010.05 

38.1  ±1.2 

*  Figures  preceded  by  ±  are  the  standard  errors  of  the  means. 

fluid,  embedded  in  paraffin,  sectioned  serially  at  eight  micra,  and  stained  with  hema¬ 
toxylin  and  eosin. 

RESULTS 

A drenocorticotroph ic  Hormone 

The  experience  of  this  laboratory  during  the  past  seven  years  with  the 
effect  of  both  crude  and  highly  purified  ACTH  on  erythropoiesis  and 
calorigenesis  is  summarized  in  Table  1.  It  can  be  seen  that  the  correlation 
between  the  two  responses,  although  not  perfect,  is  unquestionable. 
Furthermore,  the  responses  increased  with  dose  as  shown  by  the  Merck  and 
Li  material.  It  was  both  interesting  and  of  crucial  importance  in  the  inter¬ 
pretation  of  the  results  that  no  body  weight  loss  occurred  following  the 
administration  of  these  preparations. 

In  order  to  demonstrate  further  that  the  erythropoietic  and  calorigenic 
activities  paralleled  one  another  and  were  a  property  of  ACTH  and  not  due 
to  a  contaminating  erythropoietic  or  specific  metabolic  factor,  hypophy- 
sectomized-adernalectomized  rats  were  injected  with  both  crude  and  highly 
purified  ACTH.  Table  2  shows  that  the  preparations  stimulated  neither 
erythropoie.sis  nor  caloregenesis  in  hypophysectomized  rats  deprived  of 
their  adrenals,  although  these  .same  preparations  were  effective  in  restoring 
the  hematological  values  and  metabolic  rate  to  normal  levels  in  hypophy¬ 
sectomized  rats  which  were  injected  concurrently.  The  hematological 
values  of  hypophysectomized-adrenalectomized  rats  receiving  ACTH 
while  maintained  on  steroids  were  .somewhat  higher  than  in  untreated 
hypopysectomized  rats,  but  these  values  were  also  higher  in  hypophysec- 
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Table  2.  Lack  of  erythropoietic  and  calorigexic  activity  of  sheep 

OXYCELLULOSE  ELCATE  (o.E.)  AND  a-CORTICOTROPIX  IX  HYPOPHY- 
SECTOMIZED-ADREXALECTOMIZED  (HA)  RATS 


Group 

Maintenance 
per  Day 

No. 

of 

Body  Weight 
gni. 

Hematocrit 

Henioglobin 
gm.  100  ml. 

Total  blood 
volume  ml. 

Red  cell 
volume  per 
100  gm. 
B.W.  ml. 

Metal>olic 
rate  Cal. 

Adre¬ 

nals 

rats 

Initial 

Final 

m.*  hr. 

nig. 

HA+I  mg.  O.E. 

DCA  50  ng 

5 

82 

91 

31.4±1.4 

9.410.2 

4.1310.34 

1.4310.14 

20.9±0.7 

Ha  Control 

DCA  50  MR 

7 

82 

84 

29.1+1.1 

9.110.3 

4.2510.17 

1.4710.08 

18.110.6 

- 

H+I  mg.  O.E. 

— 

5 

78 

91 

42.611.4 

12.410.5 

4.93±0.25 

2.3110.07 

29.310.6 

21 

H+1  mg.  O.E. 

DCA  50  MR 

5 

77 

80 

42.315.2 

10.711.2 

4.6110.32 

2.4410.39 

32.411.7 

29 

H  Control 

5 

79 

88 

24.112.1 

7.710.7 

4.0410.14 

1.1110.11 

20.11 1.4 

8 

H.\+l  mg.  O.p]. 

DCA  50  #/g 

2 

75 

73 

33.910.2 

11.010.0 

3.6510.59 

1.7010.05 

19.31 1.4 

— 

H.\+l  mg.  O.E. 

('omp.  F  50 

DCA  MmK 

8 

75 

81 

36.41 1.5 

11.510.5 

4.2110.22 

1.8910.06 

23.710.8 

- 

Control 

DCA  50  MR 

3 

77 

77 

28.111.5 

9.510.2 

3.9610.10 

1.4510.07 

17.612.3 

- 

HA  Control 

Comp.  F  50  ^g 
DCA  50  mk 

9 

73 

77 

34.31 1.1 

10.610.4 

3.9010.15 

1.7410.07 

20.8±0.7 

— 

H+l  mg.  O.E. 

— 

5 

72 

82 

40.810.8 

12.110.3 

4.7710.21 

2.3710.17 

30.31 1.3 

25 

H  Control 

- 

6 

74 

80 

27.810.8 

9.510.2 

4.0810.26 

1.4210.04 

18.110.5 

7 

HA -1-25 

o-Cort. 

Comp.  F  50  Mg 
DC.A  (TrimethyH 

1 .25  mg.  in  a  sin¬ 
gle  injection 

11 

74 

75 

39.011.4 

12.410.5 

3.4510.09 

1.7910.07 

20.410.6 

- 

H.\  Control 

Comp.  F  50  mK 
DC.A  (Triniethyl) 
1.25  mg.  in  a 
single  injection 

11 

72 

77 

36.11 1.3 

11.310.4 

3.9310.14 

1.8410.06 

20.8+0.6 

H-f25  mK  a-Cort. 

— 

5 

70 

78 

40.812.3 

11.510.3 

4.5810.21 

2.4010.16 

26.111.4 

31 

H  Control 

- 

5 

71 

81 

30.211.5 

9.410.3 

3.8810.70 

1.4510.06 

20.711.3 

8 

tomized-adrenalectomized  rats  and  in  hypophysectomized  rats  injected 
only  with  steroids.  The  increase,  therefore,  is  not  attributable  to  the  action 
of  ACTH  and,  furthermore,  lends  no  support  to  a  permissive  action  by  the 
steroids. 

Although  the  preceding  experiments  appeared  to  have  conclusively 
demonstrated  that  the  erythropoietic  and  calorigenic  activities  paralleled 
one  another  and  were  properties  of  ACTH,  one  further  experiment  was 
performed.  As  first  reported  by  Dixon  (19),  the  brief  treatment  of  ACTH 
with  low  concentrations  of  sodium  metaperiodate  destroys  the  hormonal 
activity  by  oxidation  of  the  N-terminal  serine.  Table  3  shows  that  after 
such  treatment,  on  two  separate  occasions,  the  adrenal  stimulating,^ 


*  The  complete  loss  of  adrenal  cortical  stimulatiiiK  activity,  as  indicated  by  adrenal 
weight  (Table  3),  was  further  confirmed  by  histological  examination  of  frozen  sections 
stained  with  Sudan  black. 
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Table  3.  Failure  of  a  periodate-treated  adrenocorticotrophic  preparation 

TO  INCREASE  ERYTHROPOIESIS  OR  CALORIOENESIS  IN  H YPOPH YSECTOMIZED  RATS 


Preparation 

Dose 
M«/day  1 

No. 

of 

Body  Weight 
gm. 

Hematocrit 

Hemoglobin 
gm.  100  ml. 

Total  blood 

Red  cell 
volume  per 
100  gin. 
B.W.  ml. 

Metabolic 
rate  C‘al. 

.Adre¬ 

nals 

14  day 

rata 

Initial 

Final 

m.s  hr. 

mg. 

Periodate-Treated 

300 

3 

66 

72 

26.7+2.5 

8.9+0.7 

3.66+0.11 

1.36+0.18 

18.0+0.3 

7 

Oxyoellulose  Eluate 

300 

6 

68 

78 

27.4+0.9 

8.610.3 

3.6810.14 

1.3010.05 

19.910.5 

6 

300 

3 

68 

72 

41.8+  1.9 

11.8+1.2 

4.2610.11 

2.4710.09 

31.312.9 

22 

Oxycelluloee  Kluate* 

300 

1  i 

6 

68 

73 

40.6±  1.3 

11.310.4 

3.9810.17 

2.2210.08 

32.512.0 

30 

j 

j 

5 

69 

75 

29.2+1.2 

8. 9+0. 4 

3.71  +  0.17 

1.4510.07 

18.0+1.2 

8 

H  Control 

6 

68  1 

76 

28.2±1.7 

9.410.4 

3.6910.12 

1.3710.05 

21.210.6 

9 

*  This  was  submitted  to  the  same  procedure  as  the  treated  except  that  the  periodate  was  omitted. 


calorigenic,  and  erythropoietic  activities  of  ACTH  were  completely  de¬ 
stroyed.  This  finding  lent  further  support  to  the  conclusion  that  the  eryth¬ 
ropoietic  and  calorigenic  activities  are  inherent  in  the  corticotrophin 
molecule. 


Adrenal  Glucocorticoids 

Since  marked  stimulation  of  oxygen  consumption  and  red  cell  production 
occurred  in  hypophy.sectomized  rats  after  ACTH  administration,  the  .same 
responses  should  he  elicited  by  appropriate  doses  of  the  adrenal  glucocor¬ 
ticoids.  It  can  he  seen  from  Table  4  that  both  responses,  comparable  in 
magnitude  to  those  from  ACTH,  were  obtained  from  corticosterone, 
cortisone,  and  hydrocortisone  in  two  separate  experimental  .series.  It  was 
fortunate  that,  as  on  injection  of  ACTH,  no  significant  body  weight  lo.ss 
occurred  during  the  injection  period,  so  that  the  interpretation  of  the 
results  is  not  complicated  by  this  factor. 

As  previously  demonstrated,  the  erythropoietic  and  calorigenic  responses 


Table  4.  Erythropoietic  and  calorioenic  response  of  hypophy.sectomized 

RATS  TO  ADRENAL  CORTICAL  STEROIDS 


“I 

Steroid  ! 

Dose 
mK  day/ 
14  days 

No.  of 
rats 

Body  weight 
gill. 

Initial  |  Final 

lleiiiatcKTit 

% 

Hemoglobin  | 
gm./l(M)  ml. 

Total  blood  | 
volume  ml.  | 

Bed  cell 
volume  per 
100  gm.  B.VV.j 
ml. 

Metabolic 

rate 

Cal. /ill.*  hr 

Corticosterone 

500 

5 

74  1 

72 

,36.612. 

.4  ' 

10. 

8  +  0.6  j 

4.1710. 

27 

2 

1110.13 

18. 

911 

1 

5(K) 

6 

69  1 

73 

37.9  +  1. 

5  { 

11. 

310.4 

3.76  +  0. 

19 

1 

.95  +  0.08 

24 

4  +  2 

1 

KMM) 

5 

74 

75 

41.212, 

■1  i 

11 

6  +  0.7  I 

4.2310. 

13 

.3410.10 

26. 

4+1 

.7 

KHM) 

6 

69 

73 

42.413, 

.3 

11 

,210.6 

3.8510. 

16 

2 

.2310.15 

22, 

.811 

6 

Cortisone 

5(K) 

5 

68 

64 

38.3+1 

.9 

11 

.6  +  0.6 

3.5410, 

21 

2 

.1310.14 

21 

,7  +  0 

.9 

Acetate 

.500 

6 

69 

65 

39.41 1 

.3 

11 

.710.6 

3. .3810, 

.34 

2 

.08  +  0.06 

24 

,2+1 

.2 

KHK) 

5 

68 

71 

44.316 

.2 

12 

.011.9 

3.9210, 

.18 

2 

.43  +  0.32 

28, 

.5+1 

,3 

KKKl 

6 

69 

65 

40.310 

.9 

11 

.910.3 

3.8010, 

,29 

2 

.3710.14 

32 

.010 

.5 

H  y  droeortisone 

5(X) 

5 

70 

68 

38.51 1 

.5 

11 

.211.0 

4.1510 

.17 

2 

.3710.08 

24 

.511 

.1 

.Acetate 

5(H) 

6 

69 

68 

.39.91 1 

_2 

11 

.610.4 

4.1710 

.30 

2 

.4410.11 

25 

.9  +  1 

.3 

l(XM) 

5 

70 

68 

37.6  +  2 

.0 

11 

.010.8 

4.1010 

.15 

2 

.2710.16 

26 

.010 

.4 

KKH) 

6 

69 

68 

40.813 

.0 

11 

.510.7 

3.9410 

.33 

2 

.3610.14 

27 

.811 

.5 

—  i 

5 

75 

i  82 

29.01 1 

.3 

9 

.610.9 

4.2110 

.15 

1 

.4910.09 

18 

.910 

.8 

H  Control 

— 

4 

72 

1  73 

24.512 

.8 

8 

.310.9 

.3.7010 

.20 

1 

.2210.07 

18 

.2  +  1 

.0 

— 

5 

69 

1  75 

29.211 

J) 

8 

.9  +  0.4 

3.7110 

.17 

1 

.4510.07 

18 

.011 

.2 

— 

6 

69 

I  73 

27.410 

.8 

9 

.110.3 

3.7410 

.22 

1 

.4010.0.3 

19 

.1+0 

.8 

— 

5 

70 

76 

26.211 

.7 

8 

.710.6 

3.8710 

.18 

1 

.3210.05 

19 

.3  +  1 

.3 

— 

6 

68 

1  76 

28.211 

.7 

9 

.410.4 

3.6910 

.12 

1 

..3710.05 

21 

.210 

.6 
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of  hypophysectomized  rats  to  ACTH  increased  with  dosage  to  a  maximum 
which  was  within  normal  limits  during  the  14  day  test  period.  The  limited 
results  already  observed  after  injection  of  corticosterone  and  cortisone 
suggested  that  such  a  dose-response  relationship  might  be  obtained  with 
the  steroids.  Since  hydrocortisone  was  the  most  potent  of  the  three,  it  was 
selected  for  a  more  detailed  study  of  this  relationship.  Table  o  shows  that 
these  responses  increase  in  magnitude  with  increasing  doses  of  the  steroid, 
but  do  not  exceed  normal. 

It  has  been  consistently  observed  (1,  2)  that  both  highly  purified  ACTH 
and  adrenal  glucocorticoids  produce  low  grade  thyroid  stimulation  in 
hypophysectomized  rats,  as  judged  both  by  uptake  and  morphology. 


Table  5.  Erythropoietic  and  calorigexic  response  of  hypophysectomized 
RATS  to  graded  LEVELS  OF  HYDROCORTISONE  ACETATE 


CIroup 

Dose 

MR  day 

14  days 

No.  of 
rats 

Body  weight 
gni. 

Hematocrit 

% 

Keinoglobin 
mil.  KXI  ml. 

Total  blood 
volume 
ml. 

Ked  cell 
volume  per 
1(K)  Rill.  B.W. 
ml. 

Metabolic 

rate 

Cal.  m.*/hr. 

Initial 

Final 

5() 

6 

60 

77 

33.1  ±2.0 

10.5  +  0.5 

3.81+0.27 

1.64  ±0.15 

20.5±0.7 

il  Injected 

KMI 

6 

70 

73 

37.1  ±1.9 

12.0±0.4 

3.82±0.12 

1.04±0.00 

21.0±0.9 

125 

6 

68 

73 

37.6±1.7 

12.5±0.4 

3.<K)±0.11 

2. 02  ±0.10 

21.5±0.8 

250 

6 

68 

66 

38.4±1.4 

12.2±0.4 

3.60±0.27 

2.10±0.15 

24.1  ±1.1 

5(H) 

6 

60 

68 

30.0  ±1.2 

11.6  +  0.4 

4. 17  ±0.30 

2.44±0.11 

25.9  +  1.3 

1000 

6 

60 

68 

40.8±2.8 

11.5±0.7 

3. 04  ±0.33 

2.36±0.14 

27.8±1.5 

H  Control 

6 

60 

,3 

27.4±0.8 

9.1±0.3 

3.74±0.22 

1.40±0.03 

19.1±0.8 

In  an  effort  to  determine  whether  increased  thyroid  function  constituted 
an  integral  part  of  the  reaction  leading  to  increased  red  cell  production, 
hypophysectomized-thyroidectomized  and  thyroidectomized  rats  were  in¬ 
jected  with  hydrocortisone.  As  shown  in  Table  6,  the  erythropoietic  re¬ 
sponse  to  hydrocortisone  was  considerably  reduced  in  hypophysectomized 
rats  deprived  of  their  thyroids.  Moreover,  a  serious  body  weight  loss 
occurred  at  all  doses  of  hydrocortisone  above  125  mS-  Since  the  life  of  the 
red  blood  cell  in  the  rat  is  long  (of  the  order  of  50  days)  in  relation  to  the 
injection  period  (14  days),  the  sudden  loss  in  body  weight  could  account 
for  the  small  increase  in  red  cell  volume  observed.  When  the  total  red  cell 
volume  was  expressed  on  the  basis  of  initial  body  weight  (Table  6),  it  was 
equivocal  whether  an  erythropoietic  response  was  present.  The  same  con- 
.siderations  are  applicable  to  thyroidectomized  rats  injected  with  hydro¬ 
cortisone  (Table  6).  A  serious  weight  lo.ss  occurred  so  that  the  magnitude  of 
the  erythropoietic  response  was  less  when  judged  on  the  basis  of  initial 
rather  than  final  body  weight.  Examination  of  the  endocrine  organs  of  the 
thyroidectomized  rats  treated  with  hydrocortisone  revealed  two  interesting 
although  incidental  changes,  namely,  a  striking  regranulation  of  pituitary 
acidophils  and  a  further  regression  of  the  adrenals  (weight  and  morphol¬ 
ogy)  to  hypophy.sectomized  levels.  The  acidophil  cells  had  increased  from 
the  thyroidectomized  control  level  of  essentially  0  percent  to  25.6%  as 
compared  to  the  normal  level  of  39.8%.  These  cells,  although  increased 
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Table  6.  Erythropoietic  and  calorigenic  response  ok  hypophysectomized- 

THYROIDECTOMIZEl)  AND  TH YROIDECTOMIZEI)  RATS  TO  HYDROCORTISONE  ACETATE 


1 

Group  1 

Dost* 

MR  diiy 

No.  of 

rats  1 

Body  weight  I 

Rill.  1 

Hematocrit 

% 

! 

Hemoglobin 
gm.  1(K)  ml. 

Total  blood 
volume 

Red  cell 
volume  p<*r 
UK)  gm.  B.W. 
ml. 

Metabolic 

rate 

14  days 

Initial 

Final 

ml. 

cal.  Ill*.  Iir. 

_  1 

125 

5 

81 

80 

.37.4±0.5 

11.8±0.4 

4.1110.26 

1.0210.04 

25.210.3 

HT  Injected  | 

i 

2.50 

6 

77 

72  j 

40.4  +  0.7 

11.6  +  0.6 

3.6410.15 

2.0610.11 
(1.90  1  0.07)* 

25.510.5 

500 

4 

70 

64 

■36.0±2.0 

11.110.0 

3.5810.27 

2.05  +  0.12 
(1.6810.13) 

28.712.6 

1000 

5 

78 

65 

36.0±2.2 

11.010.6 

3.5610.12 

2.(K)±0.16 

(1.6510.11) 

25.411.3 

T  Injected 

1000 

6 

110 

<M) 

42.2±1.3 

13.210.3 

5.2210.21 

2.3810.07 
(2.01  ±0.00) 

27.511.5 

HT  Control 

- 

5 

76 

74 

26.9±2.4 

0.310.7 

3.6110.18 

1.3110.10 

18.011.6 

T  Control 

- 

8 

111 

114 

.37. 3  ±1.3 

12.310.4 

5.4210.18 

1.7010.00 

18.810.6 

*  The  figures  in  the  parentheses  are  calculations  based  on  the  body  weight  at  onset  of  treatment. 


numerically  and  easily  recognizable,  still  did  not  possess  a  normal  quantity 
of  specific  granules.  On  the  other  hand,  the  swollen  and  vacuolated  baso¬ 
phils  remained  unchanged. 

Thyroxine 

The  preceding  experiments  have  dealt  with  the  ability  of  calorigenic  hor¬ 
mones  to  restore  erythropoiesis  in  deficient  animals.  If  both  calorigenesis 
and  erythropoiesis  could  be  increased  simultaneously  above  normal,  a 
causal  relationship  would  be  further  substantiated.  For  this  reason  groups 
of  young  normal  female  rats  were  injected  chronically  with  increasing 
doses  of  DL-thyroxine.  Table  7  shows  that  both  heat  production  and  red 
cell  production  were  increased  in  excess  of  normal.  It  was  remarkable  that 
there  was  no  loss  of  life  or  detrimental  influence  on  body  growth  from  this 
rigorous  treatment.  Of  the  weights  of  the  several  endocrine  or  endocrine 
dependent  organs  (thyroid,  adrenals,  ovaries,  uterus,  thymus),  only  the 
adrenals  showed  the  well  known  increase  above  normal  (Table  7). 


Table  7.  Erythropoietic  and  calorigenic  respon.se  of  nor.mal  rat.s  to 

DL-THYROXINE  ADMINISTERED  IN  INCREASING  DOSAGE* 


Group 

dost* 

MR 

day 

Period 
of  in¬ 
jection 
days 

No. 

of 

rats 

Body 

weight 

Rm. 

Hematocrit 

% 

Hemoglobin 
gm.  1(K)  ml. 

Total  bl<M>d 
volume 
ml. 

Red  cell 

1  volume  pt*r 
l(K)  gm.  B.W. 
ml. 

Metabolic 

rate 

Cal.  Ill.*/ 
hr. 

Adn*nal8 

niR. 

10 

0-15 

6 

115 

50.6  +  0.7 

Injected 

20 

15-33 

6 

166 

51.3  +  1.2 

40 

33-54 

6 

208 

44.5+1.5 

KM) 

54-68 

6 

216 

50.111.7 

14.710.3 

12.2510.33 

2.8410.06 

56.112.7 

8213 

7 

0-15 

8 

115 

47.5+1.0 

Injected 

15 

15-33 

6 

171 

41.1  +  2.1 

30 

33-54 

6 

205 

44.0+1 .8 

75 

54-68 

6 

215 

50.010.8 

14.510.3 

11.8710.87 

2.7710.00 

40.012.1 

7715 

_ 

_ 

6 

105 

.30.311.2 

Control 

— 

— 

6 

151 

38.011.8 

— 

— 

6 

184 

38.511.0 

— 

— 

6 

105 

43.510.5 

1  13.610.2 

10.8510.55 

2.41  ±0.00 

33.511.1 

51  ±4 

*  The  same  6  rats  in  each  group  were  followed  throughout  the  experimental  period.  The  bIcM>d  volumes  and  other 
hematological  values  were  determined  terminally  on  day  6‘J.  The  body  weights  are  given  for  the  end  of  each  pt'riod. 
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Table  8.  Erythropoietic  and  calorigexic  response  of  normal  rats  to 

L-THYROXINE  ADMINISTERED  IN  INCREASING  DOSAGE 


(Iroiip  1 

I)C8“ 

Mfi: 

day 

Period  of 
injeotion 
days 

No. 

of 

rats 

B(^y  I 

weight 
gm.  1 

Hematoerit 

% 

Hemoglobin  1 
<;m.  1(K>  ml. 

Total  blood 
volume 
ml. 

Ked  cell 
volume  per 
!1(X)  Riii.  B.VV. 
ml. 

Metabolic 

rate 

cal.  in.*  hr. 

Injected 

10 

20 

1  40 
;  80 
KK) 

0  16 

16  32 
32-48 

48  64 
64-84 

7* 

7 

7 

7 

7 

136  ! 

170  ] 

214 
227 
241 

48.1  ±1.7 

14.3±0.2 

14.16±0.6 

2.76±0.08 

54.212.7 
40. 3  ±1.9 

50.612.7 
52.412.4 
68.314.1 

C'ontrol 

10 

10 

10 

10 

10 

140 

I  188 
220 
244 

1  262 

1  “ 
j 

1 

1 

1  42.»±0.7 

13.9±0.5 

13.30  ±0.52 

2.17±0.04 

39.211.3 

33.410.9 

33.511.2 

30.811.0 

31.311.6 

*  At  onsc*t  there  were  10  injected  rats.  Three  deaths  occurred  at  the  hifther  dose  levels  during  the  deteriuination  of 
metabolic  rate  (teinp<‘rature  of  apparatus  30,0®  C,  saturated  with  water  vapor). 


The  results  of  the  preceding  experiment  were  considered  of  such  crucial 
importance  to  the  concept  of  oxygen  need  as  a  stimulus  to  erythropoiesis 
that  the  experiment  was  repeated  except  that  the  more  potent  1-thyroxine 
was  employed.  Table  8  shows  that  both  excessive  heat  production  and 
polycythemia  were  again  produced  without  detriment  to  body  size  (Table 
9).  As  in  the  preceding  experiment,  only  the  weights  of  the  adrenals  were 
significantly  different  from  normal  (Table  9).  Upon  histological  examina¬ 
tion,  neither  the  adrenals  nor  the  ovaries  could  be  distinguished  with  cer¬ 
tainty  from  those  of  untreated  controls.  The  thyroids,  although  not  re¬ 
duced  in  weight,  displayed  the  anticipated  morphological  signs  of  extreme 
hypofunction.  Pituitary  cytology  was  not  remarkably  different  from  nor¬ 
mal.  The  acidophils  appeared  to  be  numerically  and  morphologically 
normal;  however,  there  was  a  decrease  in  the  number  of  tho.se  basophils 
which  were  con.sidered,  both  becau.se  of  their  morphology  and  their  local¬ 
ization,  to  be  thyrotrophs.  The  finding  of  normal  numbers  of  acidophils  in 
in  rats  treated  with  high  levels  of  thyroxine  is  in  agreement  with  the  results 
of  Halmi;  however,  the  failure  to  observe  a  deranged  morphology  of  the.se 
cells  is  not  in  agreement  with  several  previous  reports  (20,  21,  22). 

In  an  effort  to  determine  whether  this  increase  in  red  cell  production  in 
respon.se  to  thyroxine  was  mediated  indirectly  through  the  production  of 
an  erythropoietic  humoral  factor,  a  large  number  of  young  male  rats  were 
treated  with  increasing  do.ses  of  L-thyroxine  for  00  days.  At  the  end  of  this 
period  the  red  cell  volumes  of  repre.sentative  rats  were  determined  and 
compared  to  those  of  a  similar  number  of  untreated  controls.  As  shown  in 


Table  9.  Body  weight  and  length,  and  endocrine  organ  weights  of  intact 

FEMALE  RATS  INJECTED  CHRONICALLY  WITH  INCREASING  DOSES  OF  L-THYROXINE 


Group 

Dose 
pg  day 

No. 

of 

Body  weight 
gm. 

Body  length*  I 

rni. 

Pituitary 

mg. 

rhyroid 

mg. 

j 

.\dre-  1 
nals 

Thynms 

nig. 

Ovarie 

mg. 

Uteruj 

mg. 

rats  1 

Initial 

Final 

Initial  j 

Final  j 

Injected 

j  10-100 

7 

6913 

24119 

1  24.310.4 

.39.910.4 

II. 110.5 

1  18±2 

95±4 

265±25 

7716 

527±39 

Control 

L  - 

10 

7013 

26219 

1  23.610.3 

1  38.610.4 

1  12.910.6 

1  20±  1 

77±4 

215±28 

1  7013 

496±  52 

Measured  from  tip  of  nose  to  tip  of  tail. 
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TaBI.E  10.  llEMATOLOCilCAI.  VALl'ES  OF  NORMAL  .MALE  RATS 
EMPLOYED  AS  PLAS.MA  DONORS 


Oroiip 

Dos(‘  /ig  day 

\o.  of 

I  rats 

Body 
weight  1 
Sin.  1 

Hematocrit 

% 

Hemoglobin 
gm.  !()<)  ml. 

Total  blood  | 
volume  1 

ml. 

Red  cell 
volume  per 
KM)  gm. 
B.W.  ml. 

L-Thyroxino  Injected* 

25  mK  17  days 
50  ^g  24  days  i 

8 

357 

47.0±0.<) 

14.4  +  0.2 

21.61  +  0.47 

2.85±0.00 

I'ninjected  Control 

75  MS  14  days  , 
KK)  MS  5  days 

1 

i 

1  8 

3,5<» 

:  40.9±0.7 

14.4±0.3 

18.14±0.60 

1  2. 07  ±0.08 

♦  97  days  of  age  at  onst't  of  treatment.  Males  were  employed  b(*oau8<*  of  their  greater  body  weight  in  order  to  obtain 
a  greater  yield  of  plasma  per  animal. 


Table  10,  the  anticipated  .stimulation  of  erythropoiesis  occurred.  The 
thyroxine-treated  and  untreated  rats  ^vere  then  exsanguinated  and  a 
plasma  extract  was  prepared  from  both  groups  by  the  method  given  in  the 
appendix  which  was  modified  from  that  originally  employed  by  Horsook 
ct  al.  (28)  and  by  Gordon  et  al.  (24).  Since  it  had  previously  been  shown 
that  the  red  cell  volumes  of  both  normal  and  hypophy.sectomized  rats  were 
equally  re.spon.sive  to  plasma  and  urinary  “erythropoietins”  (25),  normal 
female  rats  were  selected  as  recipients.  No  erythropoietic  or  calorigenic 
stimulation  occurred  form  the  plasma  extract  of  either  thyroxine-treated 
(thyroxine  plasma)  or  untreated  (normal  plasma)  rats  under  the.se  condi¬ 
tions  (Table  11).  The  criticism  may  be  made  that  plasma  was  drawn  too 
late  after  the  initiation  of  thyroxine  treatment.  It  has  been  reported  by 
Stohlman  (26)  and  by  Gordon  and  co-workers  (27)  that  the  “erythropoie¬ 
tin”  produced  by  exposure  to  reduced  barometric  pressure  could  only  be 
demonstrated  for  a  brief  period  although  the  rats  were  continuously  ex¬ 
posed.  Gordon  (27)  has  suggested  that  this  enigma  could  be  explained  by  a 
number  of  as.sumptions,  namely:  the  developing  erythrocytosis  delivered 
more  oxygen  to  the  site  of  production  of  the  factor,  thus  limiting  its  pro¬ 
duction;  a  more  rapid  utilization  of  the  factor  by  the  stimulated  marrow; 
an  increased  metabolism  of  the  sub.stance;  and  an  inhibition  of  production 
by  a  feedback  mechanism.  On  the  other  hand,  the  pre.sence  of  a  continued 
.stimulus  and  response  without  a  detectable  intermediate  evoking  agent 
could  be  used  as  a  .serious  argument  against  the  concept  of  a  humoral 
“erythropoietin.” 


Table  11.  Failcre  of  bla.sma  extra<?t  from  thyroxine-treated  polycythemic  .male 

RAT.S  TO  INCREASE  ERYTHROPOIESIS  OR  CALORKiENESIS  IN  NOR.MAL  FE.MALE  RATS 


Uroiip 

Dose 
plasma 
equiv. 
p<‘r  day 
for  14 
d  tys  ml. 

No. 

of 

rats* 

Body 

weight 

gm. 

Hematocrit 

Pi, 

HemoRlobin 
Rm.  1(X)  ml. 

Total  blood 
volume 
ml. 

Red  cell 
volume  p«'r 
HK)  Riii.  B.W. 
ml. 

Metabolic 

rate 

Cal. /ill.’  hr. 

Ini¬ 

tial 

Pi¬ 

nal 

Thyroxine  Plasma 

2 

6 

170 

2(K) 

42.4±0.7 

13.4  +  0.2 

11.4210.27 

2. 4210. (HI 

31.011,1 

Thyroxine  I’lasiiia 

4 

4 

187 

1  203 

40.2±0,8 

12.8±0.2 

ll.!M)±0.30 

2.. 35  ±0.07 

32.41 1 .4 

Normal  Plasma 

2 

6 

181 

1  201 

42.8±2.3 

13.2±0.5 

11.7610.45 

2.5010.15 

31.3+1.1 

Normal  Plasma 

4 

5 

182 

1!«I 

42.0±0.7 

13.610.2 

11. .3610. 46 

2.4510.06 

.32.011,7 

I'ninjeoted  Control 

- 

6 

170 

,  108 

1  43.0±1.7 

13.410.2 

11.8010.70 

2.5610.17 

31.510.8 

.\ll  rats  were  IH)  days  of  aRo  at  onset. 
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Table  12.  Erythropoietic  respo.nse  of  hypophysectomized 

RATS  to  L-THYR0XI.\E 


Group  j 

Dtee 
mK  day 

Period  of 
injection 
^  days 

1  No.  of 
rats 

Body  weight 
gni. 

Heniatoc'rit 

;  % 

^^eniogh-bin. 
gm./lOO  ml. 

Total  blood 
volume 
ml. 

1  Red  cell 
volume  per 
100  gm.  B.W. 
ml. 

Initial 

Final 

H  Injected  1 

10 

0-14 

5* 

70 

80 

40. 3 ± 1.2 

11.8±0.3 

4.37±0..32 

2.24  +  0.21 

1  14-28 

H  Control  j 

j  20 

7 

60 

82 

27.8±1.1 

9.3±0.3 

1  4. 32  +  0. .38 

I  1.44±0.10 

•  Two  deaths  occurred  during  administration  of  the  higher  dose  level. 


Difficult}'  was  encountered  in  previous  attempts  to  elevate  the  metabolic 
rate  of  hypophysectomized  rats  above  normal  by  thyroxine  administration 
because  of  the  high  mortality.  In  fact,  difficulty  was  experienced  in  in¬ 
creasing  either  the  metabolic  rate  or  red  cell  volume  of  hypophysectomized 
rats  above  normal  with  any  single  calorigenic  substance.  The  conclusion 
had  been  reached  that  it  was  improbable  that  the  red  cell  volume  of  hypo¬ 
physectomized  rats  could  be  increa.sed  above  normal  with  thyroxine  al¬ 
though  this  has  been  reported  (6).  In  a  renewed  effort  to  test  this  point, 
hypophysectomized  rats  were  injected  with  two  dose  levels  of  L-thyroxine 
for  28  days.  As  shown  in  Table  12,  red  cell  volume  was  increased  to  normal 
limits  but  not  higher.  No  attempt  was  made  to  determine  metabolic  rates 
because  it  had  previously  been  found  that  all  rats  died  in  the  apparatus 
when  given  the  higher  of  these  dose  levels.  It  was  of  interest  that  under 
these  circumstances  no  loss  of  body  weight  occurred  during  the  adminis¬ 
tration  of  these  high  levels  of  thyroxine. 

Dinitrophenol 

If  the  degree  of  oxygen  need  determines  the  level  of  erythropoiesis,  then 
a  potent  non-hormonal  calorigenic  stimulant  .such  as  DNP  should  stimulate 
erythropoie.sis.  It  had  previously  been  found,  both  in  this  laboratory  and 
by  Crafts  and  Meineke  (4),  that  the  u.sual  test  animal,  the  hypophy.sec- 
tomized  rat,  does  not  tolerate  DNP.  For  this  reason,  the  less  fragile  thy- 
roidectomized  rat,  which  is  also  characterized  by  a  lowered  metabolism  and 
anemia,  was  injected  with  2,4-dinitrophenol.  It  had  previously  been 
determined  that  the  metabolic  rate  increa.ses  within  minutes  to  a  maximum 
after  DNP  injection  and  then  gradually  returns  to  pretreatment  levels  after 
eight  hours.  For  this  reason,  the  substance  was  injected  every  eight  hours. 
It  can  be  .seen  from  Table  18  that  both  red  cell  volume  and  metabolic  rate 


Table  13.  Krythropoietic  and  calorigenic  response  of 

THYROIDECTOMIZED  RATS  TO  DINITROPHENOL 


(Iroup 

i  Dose  mg./ 

1  kg.  B.W. 
^very  8  hrs. 
for  14  days 

No. 

of 

rats 

Body  weight 
gm. 

Hematocrit 

% 

Hemoglobin 
gm.  KM)  ml. 

Total  blood  j 
volume  1 

ml. 

Red  cell 
volume  per 
KM)  gm.  B.W. 
ml. 

Metabolic 

rate 

"al.  III.*,  hr. 

Initial  | 

Final 

T  Injected 

15 

8 

Ill 

111 

42.6±1.4 

13.310.7 

5.8810.17 

2.2310.08 

33.110.0 

T  Control 

— 

8 

111 

114 

.37.3±1.3 

12.3  +  0.4 

5.4210.18 

1.7010.00 

18.810.6 

N  Control 

— 

8 

200 

237 

45.010.8 

14.410.4 

12.2610.42 

2.4210.05 

.33.410.8 
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were  restored  to  normal  limits  without  loss  of  body  weifijlit.  The  metabolic 
rate  cited  was  based  on  a  2.5  hour  measurement  beginning  immediately 
after  the  second  daily  injection  of  DNP  on  the  afternoon  of  the  day  preced¬ 
ing  blood  volume  determinations.  The  deficient  weight  and  morphology  of 
the  adrenals  and  ovaries  were  not  altered;  the  thymus  showed  no  further 
atrophy.  The  deranged  anterior  pituitary  morphology  of  the  thyroidec- 
tomized  rat  remained  completely  unaltered. 

DISCUSSION' 

Several  previous  reports  have  appeared  describing  the  erythropoietic 
activity  of  ACTH  (14,  28,  29).  Crafts  and  Meineke  (4,  5)  and  Cordon  (27, 
40),  however,  failed  to  ob.serve  erythropoietic  activity  in  material  prepared 
by  methods  known  to  concentrate  ACTH.  The  pre.sent  results  again  con¬ 
firm  the  erythropoietic  activity  of  ACTH.  Although  it  was  thought  at  one 
time  that  this  was  due  to  a  separable  erythropoietic  factor  in  ACTH  prep¬ 
arations  (31),  or  more  recently  to  an  extra-adrenal  action  of  ACTH  (32),  it 
is  now  clear  tht  it  is  a  property  of  the  ACTH  molecule  which  acts  indirectly 
through  the  production  of  adrenal  steroids. 

The  presence  of  a  specific  metabolic  factor  in  anterior  pituitary  extracts 
as  noted  earlier  by  O’Donovan  and  Collip  (33)  was  subseipiently  shown  by 
Astwood  and  co-workers  to  be  a  property  of  ACTH  (34).  This  calorigenic 
activity  was  considered  to  be  an  extra-adrenal  action  of  ACTH,  but  it  is 
now  clearly  seen  to  act  through  the  adrenal  cortex.  The  sudden  and  marked 
elevation  of  oxygen  consumption  in  a  previously  deficient  animal  serves  as 
an  adequate  explanation  for  the  increased  erythropoiesis  observed. 

Fisher  has  reported  that  adrenal  cortical  steroids  increased  red  cell 
volume  in  normal  rats,  although  most  of  his  groups  showed  impaired  body 
growth  during  the  chronic  treatment  (35).  On  the  other  hand,  Fruhman 
and  Gordon  and  Meineke  and  Crafts  did  not  oliserve  increased  red  cell 
volume  in  hypophysectomized  rats  treated  with  adrenal  steroids  (3(),  37). 
The  present  results  show  that  with  appropriate  doses  of  the  adrenal  gluco¬ 
corticoids  it  is  possible  to  duplicate  both  the  erythropoietic  and  calorigenic 
action  of  ACTH  in  hypophysectomized  rats.  As  in  the  case  of  ACTH,  the 
sudden  increase  in  oxygen  consumption  after  steroid  administration  serves 
as  an  adequate  explanation  for  the  erythropoietic  stimulation.  The  reduced 
or  marginal  response  to  adrenal  steroids  of  hypophysectomized  rats  after 
removal  of  the  thyroid  probably  shows  that  an  increased  secretion  of 
thyroid  hormone  forms  an  integral  part  of  the  erythropoietic  response  to 
the  steroids.  It  is  pertinent  that  Meineke  and  Crafts  have  observed  normal 
blood  values  in  hypophysectomized  rats  given  combinations  of  thyroxine 
and  cortisone  (37). 

The  regranulation  of  pituitary  acidophils  in  thyroidectomized  rats 
treated  with  hydrocortisone  was  not  anticipated.®  The  only  reports  found 

®  This  phenomenon  has  been  observed  on  two  separate*  oecasions. 
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in  the  literature  concerning  maintenance  of  acidophils  in  thyroidectomized 
or  propylthiouracil-treated  rats  by  substances  other  than  thyroxine  or 
related  compounds,  are  those  of  Amesbury,  Contopoulos  and  Koneff  (38) 
with  estrogen,  Goldberg,  Wolff  and  Greep  (39)  with  DXP,  and  Purves  and 
Griesbach  with  iodide  (40).  In  the  present  series,  employing  surgically 
thyroidectomized  rats,  no  regranulation  of  acidophils  occurred  after  the 
administration  of  DXP  although  oxygen  consumption  and  erythropoiesis 
were  stimulated.  This  failure  to  observe  regranulation  of  acidophils  after 
DXP  is  in  agreement  with  a  recent  report  by  Solomon  and  Greep  (22).  The 
influence  of  iodide  on  pituitary  cytology  and  body  growth  is  treated  else¬ 
where  (41). 

The  finding  that  chronic  elevation  of  oxygen  consumption  by  thyroxine 
in  normal  rats  led  to  an  increased  rate  of  erythropoiesis  lent  strong  support 
to  the  concept  that  oxygen  need  is  the  fundamental  stimulus  to  erythro¬ 
poiesis.  The  fact  that  no  erythropoietic  stimulant  could  be  found  in  the 
plasma  of  these  polycythemic  animals  suggested  that  the  effect  observed 
was  a  direct  action  of  thyroxine.  It  must  be  pointed  out,  however,  that  in 
the  intact  animal  two  additional  synergists  controlling  heat  production  are 
present,  namely,  growth  hormone  and  adrenal  glucocorticoids  (2).  It  is 
highly  probable  that  the  combined  action  of  these  three  substances  pro¬ 
duced  the  polycythemia.  In  fact,  Crafts  and  Meineke  have  produced  poly¬ 
cythemia  in  hypophy.sectomized  rats  with  combinations  of  growth  hor¬ 
mone,  thyroxine  and  cortisone  (5).  Jacobson  and  Goldwasser  (8)  have 
reported  that  the  administration  of  triiodothyronine  to  normal  rats  de¬ 
creased  their  sensitivity  to  exogenous  “erythropoietin”  and  increased  the 
rate  of  incorporation  of  Fe^®  into  their  red  cells.  Muldowny  et  al.  (42)  noted 
a  significant  increase  in  total  red  cell  mass  in  clinical  studies  of  thyrotoxi¬ 
cosis;  however,  the  interpretations  are  complicated  by  the  decrease  in 
body  weight  in  this  disease.  The  elevated  red  cell  volumes  observed  by 
Meineke  and  Crafts  (6)  in  hypophysectomized  rats  treated  with  high  levels 
of  thyroxine  are  subject  to  the  same  criticism.  Where  a  serious  body  weight 
loss  has  occurred,  the  validity  of  expressing  red  cell  volume  per  100  gm.  of 
final  body  weight  is  open  to  serious  question. 

As  Is  well  known,  the  anemia  following  hypophysectomy  is  more  severe 
than  that  after  thyroidectomy. Since  both  hypophysectomized  and  thy¬ 
roidectomized  rats  have  essentially  the  same  low  metabolic  rate,  it  has  been 
difficult  to  reconcile  this  with  the  concept  that  a  close  parallel  exists  be¬ 
tween  oxygen  consumption  and  erythropoiesis.  It  may  be  noted  that  in  a 
recent  series  of  experiments,  still  unpublished,  in  which  rats  were  subjected 
to  combined  surgical  removal  and  1*®^  destruction  of  thyroid  tissue,  the  red 


*  The  values  for  red  cell  volume  usually  observed  in  hypophysectomized  rats  after 
the  anemia  has  developed  are  1.30-1.40  ml./lOO  gm.  B.W.  while  those  in  thyroideeto- 
mized  rats  are  1.70-1.80  ml./lOO  gm.  B.W. 
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cell  volume  did  decline  to  hj  pophysectomized  levels,  namely,  1.42  ml.  100 
gm.  B.W. 

The  results  of  Crafts  and  Meineke,  of  Jacobson  and  co-workers,  and 
those  just  presented,  showing  that  the  administration  of  calorigenic  sub¬ 
stances  produces  a  stimulation  of  erythropoiesis,  lend  strong  support  to  the 
concept  that  hypoxia  is  the  fundamental  stimulus  to  erythropoiesis.  No 
.'satisfactory  evidence  is  available,  however,  to  show  that  the  erythropoietic 
response  to  metabolic  stimulants  is  mediated  through  a  humoral  “erythro¬ 
poietin”. 
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APPENDIX 

All  rats  were  fed  a  .standard  laboratory  diet  consisting  of  (>7. 5%  wheat, 
15%  casein,  7.5%  skim  milk  powder,  0.75%  hydrogenated  vegetable  oil, 
1%  fish  oil,  0.75%  NaCl,  1.5%  CaCOs,  KI  added  (analysis  1.0  iodide 
per  gram  of  diet).  In  addition,  they  were  fed  lettuce  once  weekly.  The  rats 
were  kept  at  a  constant  temperature  of  70+2°  F  (range).  F'ollowing  the 
surgical  procedures  the  animals  were  injected  intraperitoneally,  for  two 
consecutive  days,  with  1  cc.  of  0.5%  Terramycin  in  5%  glucose  .solution 
per  100  gm.  body  weight. 

H gpophgseetomy  was  performed  through  the  paraphaiwngeal  approach. 
In  addition  to  the  standard  laboratory  diet,  fed  dry,  hypophy.sectomized, 
hypophy.sectomized-thyroidectomized,  and  hypophy.sectomized-adrenal- 
ectomized  rats  received  a  wet  mash  of  the  .same  diet  daily.  Hats  were 
.selected  for  experimentation  on  the  basis  of  an  immediate  cessation  of 
growth,  impaired  muscle  tone,  persistence  of  juvenile  hair,  and  failure  of 
vaginal  membrane  rupture.  Completeness  of  the  operation  was  further 
confirmed  at  autopsy  by  examination  under  a  binocular  dissecting  micro¬ 
scope  of  the  pituitary  site.  The  atrophic  condition  of  the  pituitary  target 
organs  offered  additional  confirmatoiy  evidence  of  completeness  of  hypo- 
physectomy. 

Thyroidectomy  was  accomplished  .surgically.  The  initial  selection  of 
experimental  groups  was  on  the  ba.sis  of  body  growth.  In  completely  thy- 
roidectomized  rats  growth  stasis  occurred  within  40  days  at  a  mean  weight 
of  110  gm.  (from  a  weight  at  operation  of  70  gm.).  Impaired  muscle  tone, 
persistence  of  juvenile  hair,  and  low  metabolic  rate  gave  additional  con¬ 
firmatory  evidence.  The  completeness  of  thyroid  removal  was  checked 
routinely  at  the  end  of  the  experiment  by  the  intraperitoneal  admini.stra- 
tion  of  a  tracer  do.se  of  P®*  (1  nc).  Twenty-four  hours  later,  the  rats  were 
sacrificed  and  all  ti.s.sues  in  the  neck  ventral  to  the  vertebral  muscle  ma.ss 
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were  removed,  placed  in  a  vial,  and  the  uptake  was  counted  directly  in 
a  scintillation  counter.  The  difference  between  radioactivity  per  minute 
and  that  in  an  equal  mass  of  leg  musculature  gave  the  counts  per  minute 
taken  up  by  any  thyroid  remnant.  The  uptake  was  then  expressed  as  the 
percentage  of  the  total  quantity  of  radioactivity  administered.  All  rats  in 
which  tissue  from  the  neck  region  incorporated  more  than  1%  of  that  of  the 
comparable  region  of  the  normal  rat  were  considered  incompletely  thyroid- 
ectomized  and  rejected.  It  had  previously  been  shown  that  the  region  taken 
for  the  determination  of  completeness  of  thyroidectomy  allowed  a  wide 
margin  of  safety  (9). 

H ypophysedomy-Thyroidectomy:  The  completeness  of  hypophysectomy 
was  judged  by  the  same  criteria  as  given  for  the  separate  operation.  The 
completeness  of  thyroidectomy  was  judged  bj-  the  terminal  concentra¬ 
tion  test  just  described.  It  is  realized  that  the  sensitivity  of  this  test  for 
thyroid  remnants  is  reduced  by  the  absence  of  the  pituitary. 

H ypophysectomy-Adrcualcdoyny :  It  had  been  found  that  the  substitution 
of  1%  XaCl  for  drinking  water  was  not  adequate  for  maintenance  after 
adrenalectomy  when  combined  with  hypophysectomy.  All  of  the  rats  sur¬ 
vived  for  1.5  days,  however,  when  given  .50  /ig  of  desoxycorticosterone 
acetate  (I)CA)  in  sesame  oil  daily  (subcutaneous  injection  of  0.0.5  cc.  of  the 
diluted  commercial  CIBA  preparation),  or  a  single  subcutaneous  injection 
of  1.2.5  mg.  of  desoxycorticosterone  trimethyl-acetate  in  microcrystalline 
aqueous  suspension  (0.0.5  cc.  of  the  undiluted  commercial  CIBA  prepara¬ 
tion).  When  DCA  was  combined  with  a  daily  subcutaneous  dose  of  .50  )ug 
of  hydrocortisone  acetate  (Comp.  F  in  Table  2)  (0.1  cc.  of  the  commercial 
Merck  preparation  diluted  with  0.9%  XaCl),  the  rats  remained  in  even 
better  condition.  Due  to  the  possible  action  of  hydrocortisone  on  red  cell 
volume  and  metabolic  rate  the  latter  steroid  was  not  adopted  for  mainte¬ 
nance  in  all  experiments.  At  autopsy  the  completeness  of  adrenalectomy 
was  determined  by  careful  examination  of  the  operation  site  at  ten-fold 
magnification.  Any  tissue  not  identifiable  on  gross  examination  was  frozen, 
sectioned  at  ten  micra,  and  stained  with  Sudan  black.  Xo  data  from  incom¬ 
pletely  adrenalectomized  rats  are  included  in  the  results. 

The  substances  injected  and  their  standardization  are  as  follows: 

The  adrenocorticotrophic  preparations  used  were:  a-corticotropin,  sup¬ 
plied  by  C.  H.  Li  (10);  a-pool  corticotropin,  supplied  by  Paul  Bell  of 
Lederle  Laboratories  (11);  corticotropin  B,  supplied  by  Xorman  Brink  of 
Merck  and  Company,  Inc.  (12) ;  material  prepared  by  oxycellulose  absorb- 
tion  (method  of  Astwood  et  al.  (1.3))  and  by  column  chromatography, 
supplied  by  Stanley  Ellis;  and,  oxycellulose  eluate  prepared  here  as  pre¬ 
viously  described  (14).  In  addition,  the  last  mentioned  preparation  was 
treated  with  periodate  according  to  the  method  of  Geschwind  and  Li  (15) 
prior  to  administration.  Preparations  were  suspended  in  5%  beeswax  in 
peanut  oil  and  administered  subcutaneously  in  0.1  cc. 


March,  1961 


EKYTHROPOIKSIS  AND  C'ALORIGENESIS 


531 


The  adrenal  cortical  steroids  used  were  microcrystalline  suspensions  of 
Merck  cortone  and  hydrocortone  acetate,  and  corticosterone  as  the  free 
alcohol  supplied  by  the  Upjohn  Company.  The  Merck  commercial  prepara¬ 
tions  were  diluted  with  0.9%  XaCl  and  injected  subcutaneously  in  a  vol¬ 
ume  of  0.1  cc.  A  microcrystalline  suspension  of  the  corticosterone  was 
prepared  by  dissolving  1  gm.  in  15  cc.  of  dioxane,  quickly  precipitating  with 
375  cc.  of  distilled  water  with  vigorous  stirring,  and  collecting  the  precipi¬ 
tate  on  filter  paper  with  the  aid  of  suction.  The  yield  was  041  mg.  after 
drying  at  50°  C.  Its  chromatographic  pattern  (filter  paper)  was  identical 
with  that  of  the  starting  material.  It  was  resuspended  in  0.9%  XaCl  and 
injected  in  a  volume  of  0.1  cc. 

Alkaline  solutions  (Xa2C03)  of  dl-  and  L-thyroxine  were  prepared  fresh 
weekly  and  stored  in  dark  bottles  in  the  refrigerator.  They  were  injected 
intraperitoneally  in  a  volume  of  0.5  cc. 

The  plasma  extracts  were  prepared  from  85  thyroxine-treated  and  85 
untreated  male  rats  as  follows:  whole  blood  was  drawn  from  the  abdominal 
aorta  into  a  20  cc.  syringe,  moistened  every  tenth  bleeding  with  a  minimal 
(piantity  of  heparin  solution  (1000  U.S.P.  units  per  cc.),  and  delivered  into 
200  cc.  centrifuge  tubes  suspended  in  a  bath  of  ice  water.  After  centrifuga¬ 
tion  (at  5°  C)  the  000  cc.  of  plasma  obtained  from  each  group  was  adjusted 
to  pH  5.5  by  the  addition  of  2X  IICl  with  mechanical  stirring.  It  was  then 
poured  into  1200  cc.  of  distilled  water  at  08°  C  in  a  water  bath  and  the 
temperature  of  the  diluted  plasma  brought  quickly  to  85°  C  with  mechan¬ 
ical  stirring.  The  suspension  was  removed  from  the  bath  and  passed 
through  Whatman  no.  1  filter  paper  with  the  aid  of  suction.  The  clear 
filtrate  was  quickly  cooled  by  immersion  in  a  bath  of  ice  water.  The  precipi¬ 
tate  was  extracted  with  400  cc.  of  distilled  water,  filtered,  and  the  filtrates 
combined.  The  lyophilized  filtrate  yielded  8.0  gm.  of  solid  material  which 
was  dissolved  in  distilled  water  sufficient  to  give  2  and  4  cc.  plasma  etpiiv- 
alents  per  1  cc.  of  intraperitoneal  injection  volume. 

An  alkaline  solution  (Xa2CO;t)  of  2,4-dinitrophenol  was  injected  subcu¬ 
taneously  in  a  volume  of  0.2-0. 3  cc. 
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CORTISONE-INDUCED  BONE  RESORPTION 
IN  THE  RABBIT 

E.  STOREY 

Department  of  Pathology,  University  of  Melbourne,  Melbourne,  Australia 
ABSTRACT 

In  rabbits,  cortisone  administration  induces  osteoporosis,  a  low  or  unbal¬ 
anced  Ca/P  diet  accelerating  this  change  so  that  in  young  rabbits  spontaneous 
fractures  occurred  within  12  days.  This  rapid  rarefaction  of  bone  was  mainly 
due  to  an  increased  rate  of  resorption  associated  with  large  numbers  of  osteo¬ 
clasts  at  trabecular  margins.  Microradiograms  of  the  skull  showed  that  this 
change  initially  took  place  around  vascular  channels,  which  rapidly  widened 
to  form  large  spaces  within  the  bone  itself.  Old  rabbits  responded  in  the  same 
way,  although  the  bone  changes  occurred  more  slowly  and  fractures  were  not 
observed.  The  anti-anabolic  hypothesis  of  the  tlevelopment  of  osteoporosis  is 
thus  not  applicable  to  cortisone-induced  rarefaction  of  bone  in  the  rabbit. 

A  LBRIGHT  (1)  first  po.stulated  an  anti-anabolic  mechanism  to  explain 
XA.the  development  of  osteoporosis  in  man  wherein  bone  mass  became 
decreased  but  appeared  structurally  normal  (2,  3).  This  was  supported  by 
some  metabolic  studies  (4)  but  not  others  (5,  6,  7,  8).  With  the  demonstra¬ 
tion  of  cortisone-induced  osteoporosis  in  rabbits  it  became  possible  to  study 
bone  changes  in  more  detail  (9).  Sissons  (3)  supported  the  anti-anabolic 
theory  but  later  studies  (10,  11)  showed  that  increased  vascularity,  both 
with  and  without  the  presence  of  osteoclasts,  was  associated  with  the  rapid 
resorption  of  compact  bone  with  resulting  osteoporosis,  that  is,  catabolic 
processes  were  also  increased.  Similar  changes  have  now  also  been  demon¬ 
strated  in  birds  by  Urist  and  Deutsch  (12)  where  cortisone-induced  osteo¬ 
porosis  resulted  from  enlargement  of  Haversian  canals  by  bone  resorption 
occurring  in  the  absence  of  osteoclasts.  The  following  experiments  demon¬ 
strate  that  this  resorption  in  the  absence  of  osteoclasts  is  not  a  specific 
process  of  experimental  cortisone-induced  osteoporosis  and  that  lacunae 
resorption  associated  with  the  presence  of  enormous  numbers  of  osteoclasts 
can  be,  in  certain  circumstances,  the  predominant  mechanism  of  bone 
removal.  This  bone  resorption  can  progress  at  such  a  rate  that  young 
rabbits  sustain  spontaneous  fractures  within  twelve  days. 

EXPERIMENTAL  PROCEDURES 

Diets 

Rabbits  were  allowed  water  ad  libitum  and  fed  either  a  locally  produced  normal  diet 
containing  1.5%  Ca  and  1.0%  P  and  greens  or  the  Steenbock-Black  diet  No.  2695  (13) 
containing  0.05%  Ca  and  0.25%  P. 
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C'alcium  was  added  to  the  diets  in  tlie  form  of  ealeiuni  earhonate  (CaC'Os),  phos- 
jjhorus  in  tiie  form  of  sodium  diliydrogen  phosphate  (NaH2P04)  and  potassium  in  the 
form  of  potassium  chloride  (KC’l). 

Cortisone  ae(‘tate  (rpjohn)  was  administered  <laily  by  subcutaneous  injection  into 
the  inner  side  of  the  thigh  at  a  dose  level  of  20  mg.  kg. 

The  following  groups  of  animals  were  used: 

(1)  Fifty-six  young  rabbits  (000-1000  gm.)  were  divided  into  7  groups  and  fed  differ¬ 
ent  diets  as  listed  below;  half  of  each  group  was  injected  with  cortisone  acetate  for  10 
days,  the  remaining  animals  acting  as  controls,  .\nimals  were  killed  and  weighed  at  in¬ 
tervals  of  4  days. 

(.V)  Three  groups  were  fed  modifications  of  the  normal  diet: 

(i)  normal  diet, 

(ii)  normal  diet  4-1.0%  KCl, 

(iii)  normal  diet  4-2.5%  Ca. 

(B)  Four  groups  were  fed  modifications  of  the  Steenbock-Black  diet: 

(i)  Steenbock-Black 4- 1.0%  cod  liver  oil  4- 1.5%  Ca  and  1.0%  P, 

(ii)  Steenbock-Black  4- 1 .5%  Ca  and  1.0%  P, 

(iii)  Steenbock-Black  4- 1.0%  cod  liver  oil, 

(iv)  Steenbock-Black. 

(2)  Sixteen  older  rabbits  weighing  2500  gm.  or  more  wen*  divided  into  2  groups  and 
plac<‘d  on  the  following  diets  and  half  of  each  group  injected  with  cortisone,  .\nimals 
were  weiglu'd  and  killed  at  weeklj-  intervals  for  28  days. 

(.\)  Normal  diet, 

(B)  Steenbock-Black -1-1.0%  cod  liver  oil. 

Histology 

Sections  of  the  skull,  cut  in  the  coronal  plane  J'  anterior  and  i'  posterior  to  the 
coronal  suture,  and  longitudinal  sections  of  the  femur  and  tibia  were  fixed  in  10%  formal 
saline,  decalcified  and  embedded  in  paraffin  wax.  Staining  of  sections  was  carried  out 
routinely  b\'  both  Ehrlich’s  and  \Veig(‘rt’s  haematoxylin  and  eosin;  in  addition  periodic 
acid  Schiff,  Alcian  blue.  Lillie’s  silver  impregnation,  Schmorl’s  canaliculi  stain  and 
Toluhline  blue  were  used  where  stated  in  the  text  in  certain  groups  of  animals. 

Some  formalin  fixed  jiortions  of  the  skull  were  embedded  undecaleified  in  a  mixture 
of  methyl  and  butyl  methacrylate.  Sections  of  these  were  made  either  by  grinding  small 
blocks  down  by  hand  to  50  fi  or  cutting  by  microtome  at  15  n.  Undecaleified  sections 
wen*  stained  through  the  plastic.  Microradiograms  were  taken  on  a  Phillips  contact 
microradiograi)h.  Sections  of  both  15  /a  and  50  n  wen*  exposed  for  varying  lengths  of 
time  at  2.\X5MV  using  Kodak  spectroscopic  .safety  film  type  649-0. 

RESULTS 

Weight  Changes 

Tlte  weight  chanfre.s  of  individual  animals  expressed  as  the  percentage 
change  in  weight  from  the  original  weight  at  the  beginning  of  the  experi¬ 
ment,  are  shown  in  Table  1. 

(lA)  Control  rabbits  continued  to  gain  weight  of  the  same  order  in 
groups  (i)  and  (ii)  but  failed  to  do  so  in  group  (iii)  where  2.5%  Ca  was 
added  to  the  normal  diet.  With  the  administration  of  cortisone  all  groups 
lost  weight  by  the  end  of  Ki  days,  the  greatest  weight  loss  occurring  in 
group  (iii). 

(IB)  Babbits  on  the  Steenbock-Black  diets  lost  weight,  particularly  in 
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Table  1.  W'EKiiiT  chancje  ok  control  and  cortisoxe-treatei)  rabbits  on 

EXPERIMENTAL  DIETS  FOR  1()  DAYS  EXPRESSED  AS  THE  PERCENTAOE 
CHANGE  FROM  THE  ORIGINAL  WEIGHT 


Variation.>s  of 
normal  diet 

Control 

Wt. 

(%) 

('ortisone 

Wt. 

(%) 

Variations  of  Steenliock- 
Hlaek  diet 

Control 

Wt. 

(%) 

Cortisone 

Wt. 

(%) 

Normal 

+  23 

-11 

Steenhoek-Hlaek 
+ 1  %  eod  liver  oil 
+ 1 .5 %  Ca  and  1 .0 %  1’ 

-  7 

-25 

Normal +  1%  KCl 

+  28 

-10 

Steenboek- Black 
+  1.5%  Caand  1.0%  P 

-  1 

-  4 

Normal +2.5%  Ca 

+  2 

-34 

Steenbock-Black 
+  1.0%  cod  liver  oil 

-18* 

-3t)* 

Steenbock-Black 

—  5* 

-30* 

*  Expcrinipiit  termiiiatpcl  on  tlip  I2tli  day  diip  to  wpakoiicd  coiulition  of  the  cortisone 
treated  animals. 


group  (iii).  During  cortisone  treatment  all  groups  lost  weight,  the  greatest 
loss  occurring  in  groups  (iii)  and  (iv)  where  the  experiments  were  termi¬ 
nated  on  the  12th  day  due  to  death  of  some  animals  and  the  weakened  con¬ 
dition  of  the  survivors. 

(2A)  The  weight  of  old  rabbits  fed  Barastoc  diet  remained  constant  but 
those  receiving  28  days  cortisone  treatment  lost  appreciable  weight  (12%). 

(2B)  In  contrast  to  animals  fed  normal  diet,  those  on  the  Steenbock- 
Hlack  diet  lost  weight  (1()%)  and  those  receiving  cortisone  treatment  con¬ 
siderably  more  (83%). 

Macroscopic  Changes 

Babbits  treated  with  cortisone  became  thin  and  listless  and,  in  young 
groups  losing  appreciable  weight,  became  debilitated  during  the  course  of 
the  experiment.  Some  of  these  animals  sustained  spontaneous  fracture  of 
bones  and  post-mortem  examination  showed  swollen  and  pale  yellow 
kidneys  as  well  as  grossly  porotic  bones. 

Microscopic  Changes 

These  are  summarized  as  follows: 

(lA)  Animals  on  normal  or  normal  plus  1.0%  KCl — groups  (i)  and  (ii) 
— presented  little  deviation  from  normal,  while  those  of  group  (iii)  showed 
slightly  widened  epiphyseal  cartilages  and  some  porosis  of  bone;  slightly 
widened  osteoid  seams  were  present.  With  cortisone  administration  bone 
resorption  proceeded  at  approximately  the  same  rate  in  groups  (i)  and  (ii) 
but  in  group  (iii)  it  occurred  more  rapidly  and  osteoid  seams  were  not 
apparent. 

(IB)  Animals  on  the  Steenbock-Black  diets  showed  narrowed  epiphyseal 
cartilages  and  shortened  metaphyseal  trabeculae  with  the  exception  of 
group  (ii)  where  the  epiphyseal  cartilage  was  slightly  widened.  With 
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administration  of  cortisone,  porosis  of  bone  occurred  less  rapidly  in  groups 
(i)  and  (ii)  where  the  degree  of  change  was  comparable  to  that  seen  in 
animals  on  normal  diet  and  more  rapidly  in  groups  (iii)  and  (iv).  In  groups 
where  resorption  occurred  rapidly,  bones  were  extremely  porotic  by  12 
days  and  showed  numerous  osteoclasts  in  Howship’s  lacunae  at  bone 
margins.  Little  bone  remained  to  connect  the  shaft  of  the  tibia  or  femur  to 
the  epiphyseal  cartilage  even  in  animals  where  no  fracture  was  present. 

(2)  The  bones  of  old  rabbits  on  normal  diet  became  slightly  porotic 
whereas  on  the  Steenbock-Black  diet  they  were  grossly  porotic  after  28 
days  cortisone  treatment. 

In  addition  to  a  general  examination  of  all  the  material,  a  detailed  study 
of  bone  changes  following  cortisone  administration  was  made  in  the  two 
groups  representing  extremes  in  the  rate  of  development  of  osteoporosis. 
The  animals  chosen  for  study  were  those  on  the  normal  diet  where  osteo¬ 
porosis  developed  slowly  (lA(i))  and  those  on  the  Steenbock-Black  plus 
1.0%  cod  liver  oil  where  osteoporosis  developed  so  rapidly  that  sponta¬ 
neous  fractures  occurred  (IB(iii)). 

{lA{i))  Normal  diet 

Histological  changes  associated  with  cortisone  administration  in  the 
rabbit  have  been  described  previously  (10).  In  summary:  in  the  early 
stages  of  cortisone  treatment  there  was  increased  vascularity  and  small 
osteoclasts  appeared  in  Ilowship’s  lacunae;  with  continued  resorption, 
bones  became  honeycombed  until  only  thin  trabeculae  remained  and  re- 
sorptive  activity  diminished  (Figs.  1,  2).  Throughout  the  period  of  corti¬ 
sone  administration,  growth  of  cartilage  and  bone  was  inhibited. 

Microradiograms  of  the  .skull,  taken  at  4  day  intervals  showed  at  first 
that  the  network  of  vascular  channels  became  wider  than  tho.se  in  the  con¬ 
trol  group.  By  8  days  the  cortical  plate  was  extensively  honeycombed  at  or 
near  endosteal  .surfaces  and  le.s.s  on  perio.steal  surfaces  (Figs.  8,  4).  Vascular 
channels  were  considerably  wider  and  no  longer  easily  recognizable;  in¬ 
stead,  they  appeared  as  radiolucent  spaces  throughout  the  bone.  On  the 
16th  day  the  cortical  plates  consisted  of  a  discontinuous  network  of  trabec¬ 
ulae  with  only  the  periosteal  surface  of  the  bone  remaining  intact.  The 
radio-opacity  of  bone  trabeculae  was  not  significantly  changed  during  the 
development  of  osteoporosis. 

(IB (Hi))  Steenbock-Black  plus  1.0%  cod  liver  oil 
Control  Rabbits 

Histological  study  showed  by  8  days  the  epiphyseal  cartilage  to  be 
narrower  and  metaphyseal  trabeculae  reduced  in  amount  compared  with 
animals  on  a  normal  diet.  In  the  skull,  although  osteoblasts  still  lined 
periosteal  and  sutural  surfaces,  some  endosteal  resorption  was  present.  At 
12  days  these  changes  had  progressed  and  a  few  small  resorption  spaces 


Fig.  1 .  Photomicrograph  of  coronal  section  of  tlu'  cranial  vault  of  control  rabbit 
on  a  normal  diet  (Hacmato.xj’lin  and  cosin).  X30. 

Fig.  2.  Photomicrograph  of  coronal  section  of  the  cranial  vault  of  a  rabbit  on  a 
normal  diet  after  16  days  cortisone  administration  showing  increased  jiorosity  of  bone 
(Haematoxylin  and  eosin).  X30. 

Fig.  3.  Photomicrograph  of  microradiogram  of  50  n  section  of  the  outer  plate  of  the 
cranial  vault  from  a  control  rabbit  on  a  normal  diet.  Vascular  channels  and  bone  cells 
are  radiolucent;  calcified  bone  is  radio-opaque.  XI 30, 

Fig.  4.  Photomicrograph  of  microradiogram  of  50  ju  section  of  the  outer  plate  of  the 
cranial  vault  from  a  rabbit  after  8  days  cortisone  administration.  Vascular  channels  are 
wider  and  bone  margins  irregular  in  comparison  with  the  normal  animal.  X130. 


Fig.  5.  Photoniicrouraph  of  coronal  section  of  the  cranial  vault  from  a  rabbit  on  a 
Stccnbock-Black  diet  plus  cod  liver  oil  for  12  days.  Bone  is  slightly  porotic  (Hacunatoxy- 
lin  and  eosin).  X30. 

Fig.  6.  Photomicrograph  of  coronal  section  of  the  cranial  vault  from  a  rabbit  on  a 
Steenbock-Black  diet  plus  cod  liver  oil  after  12  days  cortisone  administration.  Only  an 
extremely  thin  cortex  and  remnants  of  trabeculae  remain;  numerous  osteoclasts  are 
present  in  Howship’s  lacunae  at  endosteal  bone  margins  (Haematoxylin  and  eosin).  X30. 


March,  1961 


CORTISOXE-INDITEI)  BONE  RESORPTION 


539 


were  present ;  in  a  few  other  areas  osteoblasts  were  prominent  and  a  small 
amount  of  osteoid  tissue  was  developing  at  bone  margins. 

By  16  days  the  changes  described  above  had  progressed  slowly  (Fig.  5). 
Osteoid  margins,  where  pre.^sent,  failed  to  stain  with  P.A.S.  or  Alcian  blue, 
although  silver  impregnation  revealed  their  lamellar  structure. 

Cortisone-treated  rabbits 

After  4  days  vascularity  was  increased  and  extensive  resorption  was 
occurring  in  all  bones.  By  8  days  vascular  ti.s.sue  had  replaced  large  areas  of 
bone  and  numerous  osteoclasts  were  pre.sent  in  Howship’s  lacunae  at  the 
bone  margins.  By  12  days  little  bone  remained  in  the  animal;  bone  removed 
had  been  replaced  by  an  extremely  tenuous  (edematous)  vascular  tissue  in 
which  a  variety  of  cells  and  only  a  few  fibres  staining  with  xVlcian  blue  and 
silver  were  present. 

The  skull  consisted  of  only  a  thin  shell  of  the  outer  cortical  plates  of 
bone  and  where  trabecular  fragments  remained  in  the  marrow  spaces,  thej' 
were  surrounded  by  osteoclasts  in  all  stages  of  development  (Figs.  6  and  7). 
Microradiograms  of  undecalcified  sections  and  staining  of  bone  with 
P.A.S. ,  Alcian  blue,  silver  impregnation,  Schmorl’s  canaliculi  stain  showed 
that  the  changes  were  confined  to  the  trabecular  margins  where  large  num¬ 
bers  of  Howship’s  lacunae  were  pre.sent  (Fig.  8).  Bone  margins  adjoining 
osteoclasts  either  had  a  wide  deeply  staining  border  or  failed  to  stain  at  all 
with  P.A.S.  The  multinucleated  osteocla.st  had  a  fringed  border  attached  to 
bone  which  stained  inten.sively  with  P.A.S.,  while  small  globules  of  material 
staining  with  P.A.S.  and  Alcian  blue  were  present  in  the  cytoplasm  of  the 
cell  adjacent  to  the  bone  margin. 

In  the  long  bones  the  epiphyseal  cartilage  was  extremely  narrow  and 
intercellular  Alcian  blue  staining  material  was  diminished  in  amount 
compared  with  control  animals.  High  power  examination  revealed  numer¬ 
ous  multinucleated  giant  cells  at  cartilage  margins  while  metaphyseal 
trabeculae  were  largely  absent.  At  the  junction  of  metaphysis  and  epiphys¬ 
eal  cartilage  little  bone  remained;  in  one  animal  recent  fractures  had  oc¬ 
curred  and  callus  formation  was  beginning. 

Kidney  changes 

These  have  been  reported  in  a  .separate  communication  (14).  Briefly  they 
were:  animals  on  a  control  diet  showed  no  detectable  microscopic  difference 

Fig.  7.  IMiotoniicrosraph  of  detail  of  bone  from  Fig.  0.  Bone  margins  are  irregu¬ 
larly  sealloped  with  Howship’s  laeunae  and  numerous  osteoelasts  are  jiresent  (Ilaema- 
toxylin  and  eosin).  XSOO. 

Fig.  S.  Photomierograidi  of  miero radiogram  of  15  n  undeealeified  section  of  cranial 
hone  from  a  rabbit  on  a  Steenboek-Blaek  diet  jilus  1%  cod  liver  oil  after  12  days  cor¬ 
tisone  administration.  Endosteal  surface  and  remnants  of  bone  trabeculae  are  scalloped 
by  numerous  Ilowship’s  lacunae.  XI 30. 
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from  thoye  on  the  normal  diet  but  microdissection  studies  showed  changes 
were  present.  With  cortisone  administration  these  changes  were  exagger¬ 
ated  and  all  zones  of  the  kidney  became  swollen  with  large  accumulations 
of  lipids  present  in  the  glomeruli  and  nephrons.  Histological  sections  and 
microdissection  showed  nephrons  and  glomeruli  distended  and  in  some 
cases  forming  cysts. 

DISCUSSION* 

The  rate  of  development  of  cortisone-induced  osteoporosis  in  rabbits  is 
increased  when  the  diet  is  deficient  or  unbalanced  in  calcium  and  phos¬ 
phorus.  This  occurs  as  a  result  of  an  increase  in  the  rate  of  bone  resorption 
from  a  slow,  essentially  vascular  removal  of  osteons  and  trabeculae,  to  a 
fast  predominantly  lacunar  process  where  bone  is  lined  by  numerous 
endosteally-placed  osteoclasts.  Both  vascular  and  lacunar  resorption  of 
bone  have  been  repeatedly  described  but  their  relative  recognized  impor¬ 
tance  has  fluctuated  from  time  to  time  (15,  16,  17).  However  both  are 
essentially  part  of  the  same  process  of  resorption  which  may  appear 
different  depending  on  the  time  and  condition  in  which  the  process  is 
.studied  and  the  rate  at  which  it  occurs  (10). 

Bone  changes  associated  with  cortisone  administration  may  be  modified 
by  many  factors  but  to  date,  only  a  few  of  these  have  been  investigated.  In 
the  case  of  the  rat,  which  usually  developed  metaphy.seal  sclerosis  following 
cortisone  treatment,  when  the  ratio  or  amount  of  dietary  Ca/P  was  un¬ 
balanced  osteoporo.sis  developed  instead  (18).  In  addition  cortisone  treat¬ 
ment  converted  existing  rickets  into  osteoporosis  in  the  rat  (19)  and,  as 
shown  to  a  less  degree  by  the  present  experiments,  in  the  rabbit.  Here, 
instead  of  the  usual  rachitic  picture  of  osteoid  ti.s.sue  developing  at  bone 
margins,  resorption  occurred;  the  absence  of  osteoid  tissue  increasing  the 
surface  area  of  bone  available  for  resorptive  proces.ses  so  that  rapid  de- 
crea.se  in  bone  ma.ss  occurred.  In  addition  to  an  increa.sed  surface  area  of 
bone  undergoing  resorption,  the  type  of  resorptiv’e  process  changed  on 
these  Ca  P  deficient  diets.  Large  numbers  of  osteoclasts  were  now  promi¬ 
nent  at  bone  margins  where  special  staining  procedures  suggested  they 
performed  a  phagocytic  role  with  both  matrix  and  calcium  salts  being 
removed  simultaneously  from  the  bone  margins.  The  only  significant  dif¬ 
ference  at  bone  margins  between  cortisone-induced  resorption  and  that 
seen  in  “osteitis  fibro.sa  cystica”  lay  in  the  method  of  bone  replacement.  In 
corti.sone-treated  rabbits,  bone  was  not  replaced  by  fibrous  or  osteoid 
tissue  which  is  not  surprising  in  view  of  the  inhibitory  effect  of  cortisone  on 
connective  ti.ssue  formation  (20). 

The  failure  of  the  Steenbock-Black  ration  to  maintain  the  normal 
growth  rate  has  no  doubt  contributed  to  the  degree,  but  not  the  kind,  of 
change  but  has  not  invalidated  the  observation  that,  with  deficiency  of  Ca 
and  P,  the  rate  of  bone  removal  is  accelerated  in  cortisone-treated  rabbits. 
This  is  further  shown  by  the  similar  rate  of  bone  changes  in  cortisone- 
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treated  animals  fed  a  normal  diet  with  an  unbalanced  Ca/P  ratio  with 
those  on  Steenbock-Black  diets  deficient  in  Ca  and  P.  Similarly  there  is 
little  difference  in  the  rate  of  development  of  osteoporosis  between  animals 
fed  the  Steenbock-Black  diet  with  added  Ca,  P  and  cod  liver  oil  and  those 
fed  normal  diet. 

The  increase  in  rate  of  resorptive  processes  induced  by  cortisone  on  these 
Ca  and  P  deficient  diets  may  well  be  due  to  increased  parathyroid  activity 
as  many  investigations  have  shown  enlargement  of  the  parathyroid  gland 
on  low  Ca  diets  (21,  22  and  23).  In  addition  hypercalcuria  (24,  25)  and 
phosphaturia  (26)  have  been  reported  following  cortisone  treatment  which 
could  contribute  to  Ca  and  P  lo.ss  and  induce  .secondary  hyperparathyroid¬ 
ism.  This  may  well  be  a  major  factor  as  renal  changes,  described  in  corti¬ 
sone-treated  rabbits  (27,  28,  29)  become  grossly  exaggerated  on  Ca  and  P 
deficient  diets  (14).  A  further  contributing  factor,  although  such  mecha¬ 
nism  has  not  been  demonstrated  in  rats  (30),  may  be  inhibition  of  calcium 
absorption  from  the  gut  by  direct  antagonism  of  vitamin  D  activity  by 
cortisone  (31).  However  the  bone  changes  do  not  resemble  those  induced  by 
avitaminosis  D.  Indeed,  on  rachitogenic  diets,  cortisone  inhibited  both 
widening  of  epiphy.seal  cartilage  and  growth  of  osteoid  seams;  thus  even  if 
cortisone  induced  “osteomalacia”  it  would  not  be  recognizable  as  such  by 
histological  examination  of  bone. 

It  has  been  suggested  that  pota.s.sium  ingestion  inhibits  the  anti-anabolic 
effect  of  cortisone  on  protein  metabolism  in  man  (32).  As  the  potassium 
requirement  of  the  rabbit  is  exceptionally  high  (33)  KCl  was  added  to  the 
normal  diet  but  this  had  no  detectable  effect  on  the  bone  changes. 

Studies  of  skeletal  metabolism  by  chemical  and  isotope  methods  in 
cortisone-treated  rats  have  shown  decreased  amounts  of  mucopolysac¬ 
charide  present  in  the  bone  (34,  35).  Similar  changes  occurred  with  corti- 
.sone  in  the  ral)bit’s  epiphy.seal  cartilage  where  Alcian  blue  stained  intercel¬ 
lular  material  was  reduced  in  amount.  However  decreased  mucopolysac¬ 
charide  production  need  not  be  indicative  of  osteoporosis  since  similar 
changes  occurred  in  the  rat  which  developed  metaphyseal  sclerosis  instead 
of  porosis  (36,  37).  The  present  experiments  show  that  bone  resorption 
induced  by  cortisone  may  be  accelerated  by  decrease  of  dietary’  Ca  and  P, 
and  that  the  anti-anabolic  hvpothe.sis  is  at  best  only  a  partial  explanation 
of  the  process  by  which  experimental  osteoporosis  develops  in  rabbits. 
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NOTES  AND  COMMENTS 

INTERAC'TIONS  OX  THE  UTERUS  BETWEEN  PROGESTERONE 
AND  SOME  OF  ITS  C-21  METABOLITES  IN  THE 
IMMATURE  RABBIT 

ABSTRACT 

Prognanc-3alpha,20alpha-(liol,  pr('gnane-3.20-(lione,  A^-pregnon-20alpha-ol, 

3-onp,  allopregnanc-3,20-<Iiono  and  allopregnano-3bcta.20alpha-(Iiol,  in  total 

(loses  of  l.n  mg.  do  not  modify  the  endometrial  i)roge.«itational  effect  of  proges¬ 
terone  in  the  immature  female  rabbit. 

Inhibition  of  progesterone  effect  in  the  decidual  reaction  and  interference  with  pro¬ 
gesterone  in  maintaining  litter  size,  displayed  bj'  a  number  of  C-21  metabolites  of 
jjrogesterone  has  b(‘en  reportc'd  by  Hisaw,  Velardo  and  their  group  on  rats  (1,  2).  On  the 
strength  of  their  results  these  authors  speculated  that  some  biological  effects  as  observed 
normally  in  the  reproductive  tract  are  the  result  of  an  interaction  between  a  number  of 
hormones  and  their  metabolites  (3). 

On  the  other  hand,  Marois  and  Combescot  (4)  who  have  studied  the  interactions  b(“- 
tween  progesttwone  and  pregnan(>-3alpha,20alpha-diol  in  pregnant  rabbits,  in  the 
C'lauberg  test  and  on  the  deciduoma  formation  in  guinea  pigs,  were  not  able  to  demon¬ 
strate  an\'  degree  of  antagonism,  while  an  antagonism  Ixdween  progesb'rone  and 
A^-pregncn-20beta-ol,3-one  was  observed  by  Forbes  (5)  when  a  mixture  of  the  two  was 
assayed  by  his  method. 

Within  the  framework  of  a  larger  stud}'  undertaken  in  order  to  assess  the  biological 
effect  of  pairs  of  hormonal  steroids  administered  simultaneously  (6,  7),  the  interactions 
between  progesterone  and  some  of  its  metabolites  hav'e  now  been  investigated  in  the 
immature  rabbit. 

METHOI).S 

Immature  female  rabbits,  weighiiig700-l()0()  gm.,  were  injected  subcutaneously  once  daily 
with  5  Mg  of  estradiol  for  (i  days.  Starting  on  day  7  they  were  then  injected  suhciitaneoiisly 
once  daily  for  5  days  as  specified  in  Table  1.  When  two  steroids  were  administered,  one  was 
injected  at  the  n(*ck,  the  other  one  at  the  center  of  the  back.  All  steroids  were  dissolved  in 
ethyl-oleate. 

The  animals  were  sacrificed  24  hours  after  the  last  injection. 

.Measurements  of  the  degree  of  i)rogestative  proliferation  of  the  endometrium  were  made 
using  the  McPhail  scale  (8)  and  are  expressed  as  the  average  for  each  group.  Endometrial 
carbonic  anhydrase  was  measured  using  the  procedure  described  by  Lutwak-Mann  (9). 

UKSULTS 

The  results  are  summarized  in  Table  1.  It  can  be  seen  that  none  of  the  metabolites 
tested  appeared  active  as  progestational  compounds  both  on  the  proliferation  and  on  the 
carbonic  anhydrase  activity  of  the  endometrium. 

The  simultan('ous  administration  of  progesterone  at  different  doses  and  of  its  metabo¬ 
lites  did  not  modify  the  response  elicited  by  progesterone  alone. 

Small  changes  of  the  enzymatic  values  are  not  considered  significant,  as  referable  to 
the  range  of  the  determination. 

COMMENT 

Though  one  can  not  compare  the  rabbit  endometrial  response  with  the  rat  deciduoma 
and  litter  size  test  employed  by  Hisaw,  Velardo  and  their  group  (1,  2),  it  still  appears 
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Table  1.  Interaction  between  progesterone  and  its  metabolites 


Compounds  | 

1 

1 

Daily 

dose 

(mg.) 

No. 

of 

rabbits 

Endometrial 

proliferation 

Carbonic  anhydrase 
(EU /gm.  wet  tissue) 

Controls 

— 

6 

0  1 

11 .7(10.5-15.1)* 

Progesterone 

0.05 

7 

1.93(1-2.5) 

77.2(33.3-115) 

Progesterone 

0.1 

7 

2.78(2-3) 

122.7(65.9-182) 

Progesterone 

0.2 

12 

3.37(3-3.66) 

147.8(113-208) 

Pregnane-3alpha,20alpha-diol 

0.3 

7 

0 

18.5 

Pregnane-3, 20-dione 

0.3 

6 

0 

9.25 

A*-  Pregnen-20alpha-ol-3-one 

0.3 

0 

0.08 

14.5 

.\llopregnane-3, 20-dione 

0.3 

0 

0.25 

1  13.5 

.\llopregnane-3beta,20alpha-diol 

0.3 

3 

0 

!  19.6 

Progesterone  -|- 
Pregnane-3alpha,20alpha-diol 

0.05 

0.3 

3 

2.16(2-2.5) 

84.6(65-101) 

Progesterone  -f 
Pregnane-3alpha,20alpha-diol 

0.1 

1  0.3 

4 

2.75(2.5-3) 

136.5(122-161.1) 

Progesterone  -t- 
Pregnane-3alpha,20alpha-diol 

1  0.2 

1  0.3 

1 

4 

3.12(2.5-3.5) 

158.7(103-2.35) 

Progesterone  -t- 

0 

!  3.0 

143.0 

Pregnane-3, 20-dionc 

1  0.3 

Progesterone  4- 

1  0.2 

t) 

3.3 

120.0 

1 

A^-Pregnen-20alpha-ol-3-one 

0.3 

Progesterone  -f- 

!  0.2 

1  0 

1 

1 

115.6 

.\llopregnane-3, 20-dione 

,  0.3 

Progesterone  -f- 

0.2 

1 

'  3.5 

1 

188.6 

.\llopregnane-3beta,20ali)ha-diol 

1 

•  RilDRC. 


that  their  observations  in  the  rat  do  not  necessarily  apply  to  all  species  and  to  other 
tests.  The  results  of  part  of  our  research  seem  instead  to  agree  with  those  reported  by 
Marois  and  Combescot  (4). 

In  this  experiment  we  have  purposely  employed  one  high  dose  of  C-21  metabolites; 
however,  even  lower  or  higher  doses  of  pregnane-3alpha,20alpha-diol  in  preliminary 
trials  not  reported  here  did  not  modify  the  endometrial  response  to  progesterone. 

G.  Hecht-Lucari,  G.  Balur.atti,  and  G.  Sala 

Clinica  Ostetrica  e  Ginerologica 
I'niversita  di  Roma — Rome,  Italy 
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I.\  VITRO  ALDOSTERONE  PRODUCTION  BY  ADRENALS 
OF  ARTERIOSCLEROTIC  RATS* 

ABSTR.\CT 

Comparison  has  been  made  of  the  in  vitro  steroidogenic  capacity  of  adrenals  from 
normal  and  arteriosclerotic  female  rats,  intact  and  uninephrectomized.  Incubated 
adrenals  from  arteriosclerotic  breeder  rats  discahrge  a  mixture  of  a-ketolic  steroids  in 
which  the  proportion  of  aldosterone  is  signiRcantlj'  lower  than  the  corresponding 
production  of  virgin  animals  free  of  arteriosclerosis.  The  adrenals  of  uninephrecto¬ 
mized  breeder  rats  with  gross  arteriosclerosis  produce  far  less  aldosterone  than  adre¬ 
nals  from  uninephrectomized  breeders  without  gross  arteriosclerosis. 

Repeatedly  bred  rats  develop  arteriosclerosis  spontaneoush’  (1-3).  We  have  found 
that  unilateral  nephrectomy  and  injection  of  .\CTH  increases  the  incidence  and  severitj’ 
of  the  disease  (2,  4-6).  Adrenal  hypertrophy  and  thymic  involution  can  also  be  corre¬ 
lated  with  the  occurrence  of  arterio.sclerosis  in  the  spontaneous,  as  well  as  experimentallv- 
induced  t.vpes.  These  observations  suggest  that  the  adrenal  cortex  mav  be  an  important 
factor  in  the  pathogenesis  of  arteriosclerosis  in  rats.  Therefore,  we  have  eompared,  in 
vitro,  the  steroidogenie  capacitj'  of  adrenals  from  normal  and  arteriosclerotic  rats,  intact 
and  uninephrectomized.  This  report  is  concerned  with  the  changes  in  aldosterone  levels 
relative  to  the  secretion  of  other  a-ketolic  steroids. 

Female  virgin  and  breeder  rats  were  obtained  from  the  Sprague- Da wley  Farms  and  were 
maintained  on  Rockland  rat  chow  and  water,  ad  libitum.  .\t  sacrihee  the  adrenals  were  re¬ 
moved  and  trimmed  free  of  extraneous  tissue.  The  adrenal  glands  of  three  animals  were  halved 
and  pooled  for  each  incubation.  Each  pool  was  preincubated  in  5.0  cc.  of  Kreb.s-Ringer  bi¬ 
carbonate  buffer  for  ^  hour  at  37°  C  with  95%  02-5%  COo  bubbled  continuously  through  the 
medium,  .\fter  preincubation  the  Huid  was  decanted  and  the  same  volume  of  fresh  medium 
added  to  the  tissue.  In  some  cases,  ,\CTON  “X”  .\CTH*  was  added  to  the  medium  in  the 
quantities  indicated.  The  incubation  was  continued  under  the  same  conditions  for  one  hour. 
The  incubation  procedure  was  adapted  from  the  technique  of  Saffran  and  Schally  (7).  The 
fluid  obtained  from  the  second  incubation  was  decanted  from  the  ti.ssue  and  the  adrenals 
washed  with  a  small  volume  of  saline.  The  incubation  fluid  and  washings  were  combined  and 
extracted  with  dichloromethane.  Total  a-ketolic  steroids  were  determined  by  the  blue  tetra- 
zolium  method  using  an  aliquot  of  the  dichloromethane  extract  (8).  The  steroids  in  the  re¬ 
mainder  of  the  extract  were  separated  chromatographically  on  paper  using  the  upper  phase 
of  a  mixture  of  toluene,  methanol  and  water  (10:7:3v/v)  as  the  developing  solvent.  The  in¬ 
dividual  steroids  were  determined  directlj'  by  .scanning  the  chromatograms  with  a  recording 
and  integrating  densitometer  after  treatment  with  alkaline  blue  tetrazolium.  A  reproduction 
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Table  1.  In  Vitro  Aldosterone  production  by  adrenals  ok  female  viroin 
AND  ARTERIOSCLEROTIC  BREEDER  SPRAGUE- 1  )a WLEY  RATS  IN 
RESPONSE  TO  INCREASING  DOSES  OF  ACTH 


Group 

No.  incu¬ 
bations 

Body  weight 
(gm.) 

.\drenal 

weight 

(mg.) 

Total  steroid 
#»g/hr./100 
mg.  adrenal 
tissue 

.\ldosterono 
%  of  total 
steroid 

.Vo  ACTH 

Virgins 

10 

247  ±6* 

64.5+2.2 

9. 8+0. 6 

18.0+2.4 

Breeders 

32 

328  ±2 

68.3±2.0 

11.710.2 

14.611.1 

100  mU  ACTH** 

Virgins 

10 

247  +6 

64.5+2.2 

14.6+0.8 

16.1  +2.7 

Breeders 

32 

328  ±2 

68.312.0 

18.010.2 

11.1  +0.8 

P  <  .05 

200  ml:  ACTH** 

Virgins 

5 

219+8 

60.510.8 

16.2+2.1 

15.6+0.6 

Breeders 

5 

341  ±3 

66.4  12.1 

15.211 .3 

11  .510.9 

P  <  .01 


*  Standard  Deviation  of  the  Mean. 

**  .\CTH  doses  in  mU/ldl)  ing.  .\drenal  Tissue. 


of  an  actual  recording  is  shown  in  figure  1.  The  details  of  the  procedure*  and  the  data  suiJ- 
porting  the  accuracj’  and  reproducibility  of  the  method  have  been  reported  previously  (9). 

The  steroid  in  the  zone  designated  aldosterone  (see  Figure  1)  has  been  tentatively  identi¬ 
fied  on  the  basis  of  the  following  evidence.  It  has  a  chromatographic  mobility  in  toluene, 
methanol  and  water  (10:7:3)  identical  to  authentic  aldosterone.  In  our  experience,  this  sol¬ 
vent  gives  good  separation  of  hydrocortisone,  aldosterone,  and  cortisone.  The  same  results 
were  obtained  upon  chromatography  with  other  Bush  .solvents  (10).  The  eluted  material  re- 


Fig.  1.  A  typical  integrated  densitometric  recording  of  the  a-ketolic  steroids 
produced  by  rat  adrenals  in  vitro. 


duces  blue  tetrazolium  and  has  an  absorption  peak  at  240  ni/i.  Elution  of  the  zone  and  con¬ 
version  of  the  residue  to  the  diacetate  (11)  gives  a  product  which  migrates  upon  paper  chro¬ 
matography  in  hexane,  methanol  and  water  D0:7:3)  as  a  single  spot.  The  chromatographic 
mobility  of  the  spot  is  identical  to  that  of  the  diacetate  of  authentic  aldosterone  prepared 
by  the  same  method.  P6ron  has  recently  i.solated  aldosterone  from  rat  adrenal  incubates  as 
the  crystalline  21-monoacetate  (12). 


RESULTS 

The  relative  aldosterone  production  of  incubated  adrenals  from  virgin  and  breeder 
rats  is  compared  in  Table  1.  Quantitative  data  on  other  a-ketolic  steroids  will  be  reported 
in  a  future  publication.  In  this  particular  study  75%  of  the  adrenals  from  breeder  females 

*  A  slight  modification  has  been  made  in  the  jirocedure  for  develojiing  the  chromato¬ 
grams  in  the  alkaline  blue  tetrazolium  reagent.  Superior  results  are  obtained  if  the  tem¬ 
perature  of  the  solution  is  lowered  from  25°  to  15°  C.  The  time  of  development  remains 
unchanged. 
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TaBI.K  2.  In  Vitro  AluOSTEROXE  PROIUTTIOX  by  adrenals  of  lIXIXErURECTOMIZED 


Sl’RAClE 

i-Dawley  female  breeder 

RATS* 

f,  ...  No.  incu- 

'  **  1*  balions 

Body 

weight 

(gni.) 

.\drenal 

weight 

(nig.) 

Total  steroid 
Mg/hr. /1 00 
nig.  adrenal 
tissue 

.Mdosterone 
%  of  total 
steroid 

Animals  with  no  visible 
lesions  in  the  aorta  5 

313±8 

02.9  ±1 .4 

13.1  ±1.7 

15.9±1 .2 

.\nimals  with  gross  pa¬ 
thology  of  the  aorta  5 

308  ±2 

07.9  +  2.0 

11 .9±1 .0 

0.5  ±1.3 

P  <  .001 

*  Adrenal  glands  in  this  experiment  were  stimidated  with  200  mU  of  ACTH  per  100  mg. 
of  tis.siie. 


were  taken  from  animals  with  gross  arterioselerosis  of  the  aorta.  The  ineidenee  of  miero- 
seopie  pathology  was  not  tleterinined  but  is  known  to  approaeh  100%  (13).  Tlie  virgin 
rats  were  free  of  arterioselerosis.  'I'he  mean  relative  aldosterone  produetion  was  lower  in 
the  adrenals  of  breeders  than  in  the  adrenals  from  virgin  animals,  bhe  differenees  were 
statistieally  signifieant  when  the  glands  were  stimulated  with  ACTH. 

In  another  experiment,  female  breeders  were  uninephreetomized  and  allowed  to  rest 
for  9  weeks  Ix'fore  being  saerifieed.  At  saerifiee,  the  adrenals  were  divided  into  two  i)ools. 
One  pool  consisted  of  adrenals  from  animals  with  gross  arterioselerosis  of  the  aorta,  the 
other  i)ool  consisted  of  adrenals  of  animals  whose  aortas  were  free  of  gross  pathology, 
rhe  pools  were  incubat(‘d  in  the  presence  of  200  mU  .\C’TH  100  mg.  of  adrenal  tissue. 
The  results  are  shown  in  Table  2.  The  relative  aldosterone  production  was  markedly 
depressed  in  the  adrenals  from  animals  showing  gross  arterial  i)athology. 

DISCUSSION 

The  male  Sprague-Dawley  rat  adrenal  produces  substantially  more  aldosterone  in 
vitro  than  does  the  female  (9,  13).  We  have  also  noted  that  male  rats  rarely  develoj) 
gross  arteriosclerosis.  In  the  male  the  lesions  are  usually  microscopic  (0).  In  our  exiieri- 
ence,  young  virgin  rats  never  develop  arteriosclerosis  spontaneously  while  female 
breeders  show  a  high  incidence  of  microscopic  and  gross  arterial  pathology.  The  virgin 
female  adrenal  produces,  in  vitro,  a  mixture  of  a-ketolic  steroids  in  which  the  proportion 
of  aldosterone  is  significantly  greater  than  the  corresponding  secretion  of  the  adrenals  of 
female  breeders  (Table  1).  Female  breeders  with  gro.ss  arteriosclerosis  when  sacrificed  S 
weeks  after  uninephrectomy  show  profound  differences  in  the  balance  of  corticoids  se¬ 
creted  in  vitro  when  compared  to  control  uninephreetomized  females  with  no  gross  ar¬ 
teriosclerosis.  The  most  significant  change  is  again  in  the  relative  levels  of  aldosterone 
(Table  2). 

The  changes  observed  in  the  in  vitro  production  of  aldosterone  may  not  reflect  the 
production  of  this  steroid  in  vivo.  However,  these  data  do  suggest  that  the  proportion  of 
aldosterone  to  other  steroids  secreted  by  the  adrenal  may  be  an  important  factor  in  the 
pathogenesis  of  arteriosclerosis  in  breeder  rats. 
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THE  EFFECTS  OF  NUCLEIC  ACIDS  ON  PITUITARY  ACTH  CONTENT* 

ABSTRACT 

RNA,  obtained  by  the  phenol  extraction  method,  from  rat  and  beef  anterior  pi¬ 
tuitary  glands  was  administered  to  rats  in  order  to  ascertain  the  ability  of  the 
nucleic  acid  to  increase  the  tissue  content  of  ACTH.  Nucleic  acids  isolated  from  rat 
liver  and  commercially  prepared  from  beef  pancreas  were  also  tested  for  such  activ¬ 
ity.  The  pituitary  nucleic  acids  per  se  contained  no  adrenocorticotrophic  activity 
as  measured  by  the  adrenal  ascorbic  acid  depletion  method.  The  several  RNA  prepa¬ 
rations  were  then  administered  to  intact  rats,  whose  pituitaries  were  then  as.sayed 
for  .\CTH  content  and  compared  to  saline-injected  controls.  Only  the  RN.4  prepa¬ 
rations  isolated  from  pituitary  tissue  were  capable  of  producing  increased  amounts 
of  ACTH  in  tl.<-  glands  of  recipient  rats.  The  glands  of  pituitary  RNA-treated  rats 
contained  nearly  twice  as  much  ACTH  as  controls,  based  on  the  adrenal  ascorbic 
acid  depletion  produced  by  a  given  amount  of  ti.ssue.  The  pituitaries  of  rats  treated 
with  liver  RN.\  and  commercial  RNA  contained  no  more  ACTH  than  that  found  in 
control  glands.  The  response  of  increa.sed  ACTH  tissue  levels  to  pituitary  RNA  may 
be  due  to  accelerated  jirotein  synthesis,  inhibition  of  .\CTH  release,  or  both. 

The  role  of  nucleic  acids  in  protein  synthesis  in  many  organs  has  been  amply  estab¬ 
lished  in  the  literature  (1).  That  the  anterior  pituitary  gland  demonstrates  elevated 
levels  of  ribonucleic  acid  (RN.\)  at  a  time  of  accelerated  hormone  production  following 
adrenalectomy  has  likewise  been  reported  (2,  3).  The  mechanism  by  which  the  RNA  is 
capable  of  increasing  adrenocorticotrophic  hormone  (ACTH)  production  in  the  studies 
cited  above  is  not  known,  but  since  the  only  known  role  of  RNA  is  that  of  a  template  in 
the  synthesis  of  protein,  it  is  likely  that  such  is  the  case  in  the  experiments  reported. 

With  the  availability  of  methods  for  the  chemical  extraction  of  RN.\  from  tissue, 
it  is  possible  to  test  the  ability  of  the  nucleic  acid  to  facilitate  pituitary  protein  hormone 
production.  Evidence  is  presented  in  this  paper  to  show  that  RNA  extracted  from  rat 
and  beef  anterior  pituitary  tissue  can  increase  the  ACTH  content  of  pituitaries  of  in¬ 
jected  rats,  whereas  RNA  derived  from  rat  liver  and  commercial  beef  pancreas  is  ineffec¬ 
tive  in  control  experiments. 

Received  September  6,  1960. 
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METHODS 

The  anterior  lobes  of  rat  and  beef  pituitaries*  were  homogenized  in  cold  0.t)2M  phosphate 
buffer  at  pH  7.4  to  make  0.6%  (rat)  and  10%  (beef)  homogenates.  The  RN.\  was  prepared 
from  the  homogenates  by  the  phenol  method  of  (iierer  and  Schramm  (4,  5).  The  concentra¬ 
tion  of  RN.\  was  determined  by  the  procedure  described  by  Schneid«'r  (6).  Material  so  pre¬ 
pared  was  also  examined  for  the  presence  of  desoxyribonucleic  acid  (1)N.\)  by  the  above 
method  and  of  protein  by  the  procedure  of  Lowry  et  al.  (7).  Samples  of  rat  liver  were  similarly 
prepared  to  obtain  RN.\  from  an  organ  other  than  pituitary  gland. 

The  pituitary  RN.\  preparations  were  assayed  for  adrenocorticotrophic  activity  by  the 
adrenal  ascorbic  acid  depletion  method  of  Sayers  et  al.  (8)  using  hypophysectomized  rats 
obtained  from  Hormone  Assay  Labs,  Chicago,  Illinois.  Other  samples  of  pituitary  RN.\  and 
liver  nucleic  acid  were  then  daily  administered  intraperitoneally  at  various  concentrations 
/lOO  gm.  body  weight  to  intact  rats  of  the  Holtzman  strain  for  two  days.  Twenty-four  hours 
after  the  last  injection,  the  animals  were  sacrificed,  anterior  jntuitary  tissue  from  each  treated 
group  pooled,  homogenized  in  normal  saline,  and  stored  until  assay  in  the  frozen  state.  .\t  the 
time  of  assaj’  of  the  pituitary  tissues  for  ACTH  content  by  the  adrenal  ascorbic  acid  deple¬ 
tion  method  (8),  the  homogenates  were  further  diluted  with  saline  so  that  each  assay  rat  re¬ 
ceived  0.5  mg.  of  tissue/100  gm.  body  weight.  In  addition  to  groups  of  animals  receiving  RN.\ 
prepared  from  tissue,  other  rats  were  treated  with  sodium  ribonucleate  (NaRN.\)  commer¬ 
cially  prepared  from  beef  pancreas  by  Nutritional  Biochemicals  Company  and  saline  to  serve 
as  controls.  The  ability  of  the  various  administered  materials  to  increase  pituitary  .\CTH  con¬ 
tent  is  based  on  the  percent  of  adrenal  ascorbic  acid  depletion  elicited  by  the  same  amount  of 
pituitary  tissue  in  test  rats. 


RESULTS 

Recovery  of  RXA  by  the  phenol  extraction  method.  In  order  to  determine  the  amount  of 
RN.\  that  could  be  extracted  by  the  phenol  method,  and  thereby  indicate  the  quantity 
is  tissue  needed  for  extraction  purposes,  the  following  study  was  performed.  .\  known 
amount,  60  /xg,  of  commercial  RN.\  was  dissolved  in  the  phosphate  buffer  and  the  solu¬ 
tion  then  processed  through  the  phenol  extraction  method.  'I'he  resultant  solution,  upon 
second  chemical  analysis,  was  found  to  contain  53  pg  of  RN.\  on  one  occasion  and  56  pg 
on  another,  to  give  a  yield  dr  recover}’  of  88%  and  93%,  respectively.  The  procedun* 
was  then  repeated  using  rat  anterior  pituitary  tissue.  A  0.6%  homogenate  in  phosphate 
buffer  was  found  to  contain  7.5  pg  of  RN.\ /'mg.  of  tissue.  When  a  sample  of  the  ho¬ 
mogenate  was  treated  by  the  phenol  method,  and  the  concentration  of  RN.V  in  the 
hnal  solution  determined,  it  was  found  that  6.6  pg  of  RN.\  mg.  of  tissue  could  be  ex¬ 
tracted.  Therefore,  the  calculated  yield  using  fresh  tissue  was  similar  to  the  previous  one. 

.\drenocorticotrophic  activity  of  extracted  R\.\.  The  concentrations  of  RN.V  in  the 
extracts  of  rat  and  beef  anterior  pituitaries  were  determined  chemically.  Extracts  were 
also  assayed  for  DN.V  and  protein,  but  neither  substance  could  b(‘  detectc'd  in  the  ex¬ 
tracts  even  when  twenty  times  the  volume  of  extract  was  used  eomj)ared  with  the  vol¬ 
ume  needed  for  RNA  determination.  The  RN.\  extracts  were  then  a.ssayed  for  adreno¬ 
corticotrophic  activity  in  hypophysectomized  rats,  using  a — corticotropin^  as  a  stand¬ 
ard.  The  results  are  summarized  in  Table  1.  The  changes  in  adrenal  ascorbic  acid  jjro- 
duced  by  10  pg  of  rat  pituitary  RN.\/100  gm.  body  weight  and  220  pg  of  beef  i)ituitary 
RNA  were  negligible.  No  depletions  of  the  adrenal  vitamin  were  noted,  but  rather  an 
insignificant  rise  following  administration  of  the  RN.\  extracts.  The  ineffectiveness  of 
the  RN.\  preparations  per  se  to  deplete  adrenal  ascorbic  acid  is  further  emphasized  by 
noting  the  marked  changes  elicited  by  the  a — corticotropin  (Table  1). 

Pituitary  ACTH  content  of  RX A-treated  rats.  The  various  RN.\  preparations  obtained 
from  rat  and  beef  pituitary  tissue,  rat  liver,  and  commercial  NaRN.\  were  then  ad¬ 
ministered  to  intaet  rats,  and  their  anterior  pituitaries  assayed  for  ACTH  content.  The 

*  Rat  pituitaries  were  obtained  from  Research  Animals,  Incorporated  and  beef 
glands  from  Forbes  Laboratories,  Pittsburgh,  Pa.  The  fresh  glands  were  delivered  cold 
but  not  frozen. 

®  For  the  a — corticotropin  used  in  this  study,  sincere  appreciation  to  Dr.  Choh  Hao  Li 
of  the  University  of  California,  Berkeley,  California,  is  hereby  gratefully  acknowledged. 
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Tablk  1.  Effect  of  RNA  on  adrenal  ascorbic  acid 


Treatment*  %  Adrenal  aseorhie  acid  change 


Hat.  Pit.  RNA— 10  Mg  +  4  ±3.2*  (12; 

Beef  Pit.  RN.\— 220  Mg  +  1±1.8  (12) 

o-corticotropin —  5  mH  —37  ±3.3  (10) 

o-corticotropin — 10 mK  —40  ±2.4  (10) 


'  Material  administered  I.V./lOO  gm.  body  weight. 
*  Standard  error. 

(  )  Number  of  animals. 


pituitaries  of  saline-injected  animals  served  to  establish  a  level  of  normal  ACTH  content 
with  which  to  compare  the  experimental  groups.  Results  arc  summarized  in  Table  2.  The 
pituitaries  of  saline-treated  rats,  when  administered  intravenously  to  hypophjsecto- 
mized  test  animals,  produced  an  adrenal  ascorltic  acid  depletion  of  15%.  Pituitaries  of 
rats  treated  with  25  /ig  of  rat  pituitar\’  RN.\  showed  a  depletion  of  22%,  an  increase  not 
statistically  significant  from  the  .saline  group.  However,  glands  of  animals  receiving 
100  pg  of  rat  or  beef  pituitary  RN.\  demonstrated  depletions  of  27%,  a  value  statistically 
significant  from  control  levels.  Pituitaries  of  rats  treated  with  the  RN.\  obtained  from 
rat  liver  tissue,  when  administered  at  the  100  pg  dosage,  did  not  show  adrenal  ascorbic 
acid  depletions  any  different  from  controls.  Likewise,  the  pituitaries  of  commercial 
NaRNA-treated  rats,  at  the  100  pg  and  500  pg  dosages,  contained  no  more  .VCTH  than 
was  found  in  the  tissue  of  the  saline  group.  Therefore,  the  increase  in  the  pituitary 
.\CTH  content  could  be  demonstrated  only  in  the  cases  where  animals  received  rat 
pituitary  RN.\,  at  the  higher  dose  level,  and  beef  pituitary  RN.\  (Table  2). 

DISCUS.SION 

.  The  characterization  of  the  physical-chemical  nature  of  the  isolated  RN.\  has  been 
studied  previouslj'.  Hall  and  Doty  (9)  reported  that  the  phenol  method  of  extraction  of 
RN.\  preserves  much  of  the  secondary  structure  of  the  RN.\  that  existed  in  the  RN.\ 
jiarticle. 

That  the  phenol  extracted  RN.\  is  free  of  hormonal  protein  and  adrenocorticotrophic 
activity  was  demonstrated.  No  protein  could  be  chemically  detected  in  this  study  nor 
in  that  reported  by  .Vshley  et  al.  (10)  utilizing  this  extraction  procedure.  The  data  sum¬ 
marized  in  Table  1  clearly  demonstrate  that  the  RN.\  does  not  possess  ailrenocortico- 
trophic  activity  per  se. 

The  ability  of  the  administered  pituitary  RN.V  to  increase  ACTH  content,  whereas 
Table  2.  Piti  itary  .\CTH  content  of  RN.\  tre.ated  r.ats 


Treatment* 

.\drenal  ascorbic 

acid 

Mg/ 100  mg.  tissue 

%  Decrease 

Left  .\dr. 

Right  Adr. 

Saline 

386+  8* 

328+  9* 

15  +1.2*  (36) 

Hat  Pit.  HNW — 25  Mg/dav 

438  ±  1 1 

341  ±  9 

22  ±2.4  (20) 

Rat  Pit.  RN.\ — 100  Mg/dav 

359  ±15 

262  ±19 

27t±3.6  (24) 

Beef  Pit.  RN.4 — 100  Mg/day 

377  ±19 

274  ±15 

27t±1.2  (20) 

Rat  Liver  RNA — 100  Mg/day 

374  ±  10 

329  +  12 

12  ±3.5  (20) 

Commercial  NaRNA — 100  Mg/dav 

342  ±14 

298  +  15 

13  ±2.7  (12) 

Commercial  NaRN.\ — 500  Mg/day 

345±11 

299  ±14 

15  ±2.4  (12) 

*  Animals  treated  for  two  dajs  previous  to  .\CTH 

assay. 

t  Difference  from  saline-injected  rats  statistically  significant  (P<0.01). 
(  )  Number  of  animals. 
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RNA  obtained  from  other  sources  did  not,  was  not  anticipated.  In  the  studies  of  .\shley 
et  al.  (10),  phenol  extracted  RN.\,  capable  of  inducing  honiograft  tolerance  in  recipient 
rats,  was  obtained  not  only  from  skin,  but  from  liver,  spleen  and  thymus  as  well.  On  the 
other  hand,  the  induction  of  particular  embryonic  structures  by  selected  organ  ribo- 
nucleoproteins  imply  specificity  of  the  nucleic  acid  portion  of  the  molecule  (11,  12). 
The  investigations  of  Niu  (13,  14)  on  the  role  of  RN.\  in  embryonic  differentiation  indi¬ 
cate  inductive  specificity  of  the  isolated  nucleic  acid.  The  transfer  of  antibody  synthesis 
accomplished  bj'  the  injection  of  lymph  node  RN.\  from  immunized  animals  represents 
a  further  demonstration  of  RN.\’s  inilucing  the  synthesis  of  specific  donor  proteins  in 
recipient  animals  (15).  Studies  incorporating  isotope  labelled  precursors  in  RN.\  forma¬ 
tion  reveal  metabolic  patterns  and  utilization  rates  that  differ  from  one  organ  to  another 
(16,  17). 

The  increase  in  tissue  content  of  .\CTH  following  pituitary  RNA  administration  may 
l)e  due  to  one  of  several  mechanisms.  .\n  increase  in  the  synthesis  of  hormonal  protein 
could  account  for  the  elevated  AC’TH  levels.  Or,  the  injected  pituitary  RN.\  inhibited 
ACTH  release,  and  thereby  secondarily  resulted  in  increasc'd  tissue  content  of  the  hor¬ 
mone.  .\  combination  of  the  above  may  be  another  alternative.  Studies  on  blood  levels 
of  the  hormone  following  RN.V  treatment  may  aid  in  clarifying  the  role  of  the  nucleic 
acid  in  producing  incrc'ased  pituitary  stores  of  .\('TH. 

The  ciuestion  of  how  much  of  the  injected  RN.V  was  actually  transported  to  the 
l)ituitary  gland  of  the  recipient  rat,  in  consideration  of  the  hydrolytic  activity  of  the 
ribonucleases  of  blood,  tissue  fluids,  and  cells,  cannot  be  rc'soivc'd  at  this  time.  No  data 
are  available  from  the  various  studies  to  indicate  the  level  of  enzyme  in  body  fluids  and 
cells  following  administration  of  isolated  RN.\.  Perhaps  the  inability  of  the  25  jug  dose 
of  rat  pituitary  RN.\  to  elicit  a  significant  rise  in  tissue  .\CTH  content  may  be  due  in 
part  to  destruction  of  the  nucleijc  acid  by  the  enzyme.  It  may  be  that  the  100  /ig  dose  was 
effc'ctive  because  enough  RN.V  remained  free  of  hydrolysis  by  ribonucleases  to  reach  its 
definitive  site  of  action.  Studies  are  in  progress  to  determine  the  enzymatic  level  of  blood 
and  i)ituitary  tissue  following  the  administration  of  specific  RN.\  preparations. 

The  experiment  utilizing  ribonucleasi'-treated  isolated  RN.V  to  attempt  to  nullify  the 
observed  effect  of  the  nucleic  acid  has  not  been  i)erformed  in  this  study.  Therefore,  one 
may  i)ostulate  that  some  material  other  than  RN.\,  1)N.\,  or  protein  is  responsible  for 
the  increased  tissue  level  of  .VI'd'H.  Polysaccharides,  which  sometimes  contaminate  im¬ 
pure  RN.\  ])reparations,  may  be  such  a  ])ossibility.  In  the  studies  on  induction  of  homo¬ 
graft  tolerance  by  isolated  RN.V  (10),  such  ribonuclease-inactivated  ))reparations  were 
used  to  show  that  tolerance  was  induced  specifically  l)y  RN.\. 

In  conelusion,  the  findings  of  this  study  demonstrate  that  ribonucleic  acids  extracted 
from  ant('rior  i)ituitary  tissue  can  incn'ase  tissue  content  of  .VCTII  when  administered 
to  intact  rats.  The  response  was  not  observed  when  RN.V  from  rat  liver  or  beef  pancreas 
tissues  were  utilized.  The  increased  tissue  levels  of  .VCTH  an*  ob.served  after  the  ad¬ 
ministration  of  both  rat  and  beef  pituitary  nucleic  acids.  Whether  the  elevated  hormonal 
eonb'iit  is  due  to  accelerated  i)rotein  synthesis  or  iidiibition  of  .VC’TH  release  has  not 
been  ascertained. 
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THE  ENDOCRINE  SOCIETY 


The  Forty-Third  Annual  Meeting  of  the  Endocrine  Society  will  be  held 
in  the  Hotel  Biltmore,  New  York,  N.  Y.,  Thursday,  Friday  and  Saturday, 
June  22,  23  and  2^,  1961. 

All  members  are  urged  to  make  their  hotel  reservations  immediately. 
The  Biltmore  will  hold  300  bedrooms  for  members  until  May  1,  1961,  after 
which  time  the  hotel  will  not  guarantee  further  reservations.  Therefore 
it  is  imperative  that  you  make  your  reservations  early,  directly  with  the 
hotel,  advising  them  of  time  and  date  of  arriv’al  and  departure.  If  you 
plan  on  remaining  through  June  26  for  the  American  Medical  Association 
and  other  meetings,  it  is  imperative  that  your  reservations  be  made  from 
June  26  on  directly  through  the  A.M.A.  Housing  Bureau. 

Final  program,  membership  card  and  advance  registration  forms  will 
be  sent  on  Maj'  1,  1961  to  members  whose  current  dues  have  been  paid. 

1961  AWARDS 
F'red  Conrad  Koch  Award 

During  the  past  year  a  substantial  legacy  has  been  bequeathed  the  So¬ 
ciety  by  the  late  Elizabeth  Koch  for  the  purpose  of  establishing  the  Fred 
Conrad  Koch  Memorial  Fund  in  memory  of  her  late  husband,  distin¬ 
guished  service  professor  of  physiological  chemistry  at  the  University  of 
Chicago  and  pioneer  in  the  isolation  of  the  androgens.  This  is  to  be  the 
highest  honor  of  the  Endocrine  Society  and  is  to  be  represented  by  a  medal 
that  is  to  be  known  as  the  Koch  Medal  of  The  Endocrine  Society.  The 
medal  and  honorarium  of  S3,o00  is  to  be  given  annually  to  an  individual 
for  work  of  special  distinction  in  endocrinology. 

The  recipient  shall  be  chosen  from  nominations  presented  by  members 
of  the  Society  and  is  limited  to  citizens  of  the  United  States  and  Canada. 
This  award  will  replace  the  Medal  of  the  Endocrine  Society  which  was  es¬ 
tablished  in  1954  and  presented  to  Dr.  Carl  Moore  in  19.55,  Dr.  Frederick 
L.  Hisaw  in  1956,  Dr.  Joseph  C.  Aub  in  1957,  Dr.  I.  L.  Chaikoff  in  1958, 
Dr.  Wilbur  W.  Swingle  in  19.59  and  Dr.  Emil  Witschi  in  1960.  The  En¬ 
docrine  Medal  replaced  the  E.  R.  Squibb  Award  which  was  formerly  the 
highe-^t  honor  bestowed  by  the  Society.  Past  recipients  of  the  Squibb 
.\ward  were  Dr.  George  W.  Corner  in  1940,  Dr.  Philip  E.  Smith  in  1941, 
Dr.  Fred  C.  Koch,  1942,  no  award  was  given  in  1943,  Dr.  E.  A.  Doisy  in 
1944,  Dr.  E.  C.  Kendall  in  1945,  Dr.  Carl  O.  Hartman  in  1946,  Drs.  Carl  F. 
and  Gerty  T.  Cori  in  1947,  Dr.  Fuller  Albright  in  1948,  Dr.  Herbert  Evans 
in  1949,  Dr.  C.  N.  H.  Long  in  19.50,  Dr.  J.  B.  Collip  in  19.51,  Dr.  James 
H.  Means  in  1952  and  Dr.  David  Marine  in  19.53. 

The  Ciba  Award 

The  Ciba  Award,  to  recognize  the  meritorious  accomplishments  of  an  in¬ 
vestigator  who  has  not  attained  his  36th  birthday  by  June  1st  of  the  year 
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the  award  is  presented,  in  the  field  of  clinical  or  preclinical  endocri¬ 
nology,  was  established  in  1942,  but  no  recipient  was  selected  in  1942 
or  1948.  In  1944  the  Award  was  presented  to  Dr.  E.  B.  Astwood,  1945 
Dr.  Jane  A.  Hu.ssell,  1946  Dr.  Martin  M.  Hoffman,  1947  Dr.  Choh  Hao 
Li,  1948  Dr.  Carl  Heller,  1949  Dr.  George  Sayers,  1950  Dr.  Oscar  M. 
Hechter,  1951  Dr.  Albert  Segaloff,  1952  Dr.  Seymour  Lieberman,  1958 
Dr.  Sidney  Roberts  and  Dr.  Clara  Szego  (Mrs.  Roberts),  1954  Dr.  Isadore 
M.  Rosenberg,  1955  Dr.  Jack  Gross,  1956  Dr.  Alfred  M.  Bongiovanni, 
1957  Dr.  Nicholas  S.  Halmi,  1958  Dr.  Monte  Arnold  Greer,  1959  Dr.  Gor¬ 
don  L.  Farrell  and  1960  Dr.  Don  H.  Nelson.  Prior  to  1952  the  Award  was 
SI, 200.  It  has  now  been  increased  to  S2,500. 

The  Ayerst  and  the  Squibb  Fellowships 

The  Ayerst  Fellowship  was  established  in  1947  and  the  Squibb  Fellow¬ 
ship  in  1956.  They  are  designed  to  assist  men  or  women  of  exceptional 
promise  in  furthering  their  advancement  towards  a  career  in  endocrinology. 
Each  F'ellowship  is  awarded  on  alternate  years  and  the  stipend,  which  will 
not  exceed  S5,000  may  be  divided  into  two  Fellowships  in  varying  amounts 
in  accordance  with  the  qualifications  of  the  appointees.  Individuals  po.s- 
sessing  the  M.D.  or  Ph.D.  degree,  or  candidates  for  either  of  these  degrees, 
are  eligible  for  appointment. 

Applicants  must  submit  the  following  information: 

1.  Evidence  of  scientific  ability  as  attested  by  studies  completed  or  in 
progress. 

2.  Recommendations  from  individuals  familiar  with  the  candidate  and 
his  work. 

8.  A  proposed  program  of  study. 

4.  Acceptance  of  the  individual  by  the  head  of  the  department  in  which 
the  Fellowship  will  be  held. 

5.  A  statement  that  he  or  she  will  serve  full  time  if  awarded  a  Fellow¬ 
ship.  A  small  amount  of  time  (10  to  15  per  cent)  may  be  spent  in 
cour.se  work  or  participation  in  teaching,  the  latter  purely  on  a  volun¬ 
tary  ba.sis. 

The  Upjohn*  Scholar  of  The  Endocrine  Society 

The  Council  of  The  Endocrine  Society  has  established  a  category  of 
Scholars.  The.se  grants  have  been  made  available  through  the  generosity  of 
the  Upjohn  Company,  and  will  be  awarded  to  an  established  investigator 
or  teacher  in  the  field  of  endocrinology  who  wishes  to  extend  the  oppor¬ 
tunities  for  work  either  in  this  country  or  abroad. 

The  award  will  not  exceed  .^2,500  annually  and  will  be  granted  on  the 
basis  of  propo.sals  .submitted  by  the  applicant.  Such  applications  should 
include  estimated  financial  needs.  The  funds  may  be  used  for  travel, 
maintenance  and  other  expen.ses. 


POSTGRADUATE  COURSE 


LABORATORY  TESTS  IX  DIAGNOSIS  AND  INVESTKiATION 
OF  ENDOCRINE  FUNCTIONS 

REGISTRATION 

Time:  8:30-9:00  a.m. 

Date:  Friday,  April  7,  1901 

l‘lace:  Tolaiid  Hall,  I'nivcrsit}’  of  California  Hosjjital 
I'niversity  of  California  Medical  C’enter 
Third  and  Parnassus,  San  ITaneiseo 
Fee:  850  (Dinner — $5.00) 

PROGRAM  CHAIRMAN 

Robkrto  F.  Escamilla,  M.D.,  Clinical  Professor  of  Medicine,  I7niversity  of  Cali¬ 
fornia  School  of  Medicine,  San  Francisco 

ADVISORY  COMMITTEE: 

Pkter  H.  Forsham,  M.D.,  Professor  of  Medicine  and  Pediatrics,  and  Director,  Meta¬ 
bolic  I’nit,  Cniversity  of  ('alifornia  School  of  Aledicine,  San  Francisco 
Gilbert  S.  Gordan,  M.D.,  Associate  Professor  of  Medicine,  Cniversity  of  California 
School  of  Medicine,  San  Francisco 

Ciioii  Hao  Li,  Ph.D.,  Professor  Experimental  Endocrinology,  Departments  of  Pedi¬ 
atrics  and  M(‘dicine,  Cniversity  of  California  School  of  Medicine,  San  Francisco, 
and  Professor  of  Biochemistry,  Cniversity  of  California,  Berkeley 

Friday  Morning,  April  7 
8:30-  9:00  Registration 

PITUITARY 

Chairman:  Choh  Hao  Li,  Ph.D. 

9:00-  9:20  Welcome 

Tests  Now  in  Cse  in  Clinical  Diagnosis  of  Pituitary  Disease 
Roberto  F.  Escamilla,  M.D. 

9:20-  9:50  Tests  of  Hypothalamic  Function 
William  F.  Ganong,  M.D. 

9:50-10:20  .Vssays  of  Growth  Hormone  Activity 
Harold  Papkoff,  Ph.D. 

10:20-10:40  Recess 

10:40-11 :10  Measurements  of  TSH  and  Effects 
John  L.  Bakke,  M.D. 

Discussion  by  Francis  S.  Greenspan,  M.D. 

1 1 : 10-1 1 :40  Measurements  of  ACTH  and  Effects 
Donald  Nelson,  M.D. 

11 :40-12:10  Bioassay  of  MSH,  Oxytocin  and  Va.sopressin 
Irving  I.  Geschwind,  Ph.D. 
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THYROID 

Chairman:  Francis  S.  Greenspan,  M.D. 

12:10-12:30  Tests  Now  in  Use  in  Clinical  Diagnosis  of  Thyroid  Disease 
Francis  S.  Greenspan,  M.D. 

12:30-  1 :00  Radioactive  Materials  in  Te.sts  of  Thyroid  Function 
Glenn  E.  Sheline,  M.D. 

1:00-  2:00  Lunch 

Friday  Afternoon,  April  7 

2:00-  2:30  Tests  for  Circulating  Thyroid  Hormones — Relationship  to  Estrogen 
Levels 

Jeroli)  M.  Lowenstein,  M.D. 

2:.30-  3:00  Measurements  of  Effects  of  Thyroid  and  .\nalogues  on  Cholesterol  Me¬ 
tabolism 

John  W.  Gof.man,  M.D. 

3:00-  3:20  Recess 

3:20-  3:.50  Measurements  and  Effects  of  Antibodies  in  Thyroid  Disease 
\Vall.\ce  V.  Epstein,  M.D. 

PARATHYROIDS 

Chairman:  Gilbert  S.  Gordan,  M.D. 

3:50-  4:10  Tests  Now  in  Use  in  Clinical  Diagnosis  of  Parathyroid  Disease 
Gilbert  S.  Gordan,  M.D. 

4:10-  4:40  Measurement  of  Parathyroid  Hormone  and  Effects 
Hans  F.  Loken,  M.D. 

4:40-  5:10  Measurements  of  Distribution  and  Turnover  in  Calcium  Metabolism 
Eugene  Eisenberg,  M.D. 

5:10-  5:40  Calcium  and  Phosphorus  Findings  in  Pediatric  .Vbnormalities 
William  .\.  Reilly,  M.D. 

7 :00  Social  Hour  and  Dinner — Millberry  Union  (Dinner  reservations  for 

registrants  and  their  guests  should  be  made  with  the  Department  of  Con¬ 
tinuing  Education  in  Medicine  by  Wednesday,  .\pril  5,  1961) 

Saturday  Morning,  .4  pril  8 

PANCREATIC  ISLETS 

Chairman:  Vincent  di  Raimondo,  M.D. 

9:00-  9:20  Laboratory  Tests  Used  in  Diagnosis  of  Diseases  of  the  Pancreatic  Islets 
Vincent  Di  Raimondo,  M.D. 

9:20-  9:.50  Measurements  and  Effects  of  In.sulin  and  Glucagon 
Gerold  M.  Grodsky,  M.D. 

9:50-10:20  Lipid  Metabolism  in  Diabetes 
Richard  J.  Havel,  M.D. 

10:20-10:40  Recess 

10:40-11:10  Laboratory  Measurements  in  L’nusual  Diseases  of  Carbohydrate  Me¬ 
tabolism  in  Children 
John  J.  Hutchings,  M.D. 

ADRENALS 

Chairman:  Peter  H.  Forsham,  M.D. 
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11 : 10-11 :30  Tests  Now  in  Use  in  Clinieal  Diagnosis  of  Adrenal  Diseases 
Petkr  H.  Forsham,  M.D. 

11 :30-12:00  Measurements  and  Effects  of  Adrenal  Steroids 
Donald  Nelson,  M.D. 

12:00-  1:00  Lunch 

Saturday  Afternoon,  April  8 

1 :00-  1 :30  Investigation  of  Mode  of  .\ction  of  .\CTH — Use  of  Su  4885 
Vincent  Di  Raimondo,  M.D. 

1:30-  2:00  Measurements  and  Effects  of  Aldosterone 
Edward  G.  Biglieri,  M.D. 

2:00-  2:30  Adrenal  Medullary  Hormones — Measurements  and  Tests  of  Function 
Alan  Goldfien,  M.D. 

TESTES 

Chairman:  Frank  Hinman,  Jr..  M.D. 

2:30-  2:.50  Tests  Now  in  Use  in  Diagnosis  of  Diseases  of  the  Testes 
Frank  Hinman,  Jr.,  M.D. 

2:50-  3:20  Investigation  of  Biology  of  Spermatogenesis 
.\rdis  Lostroh,  Ph.D. 

3 : 20-  3 : 40  Recess 

3:40-  4:10  Measurements  of  Secretions  of  Normal  and  Diseased  Testes 
Kristen  B.  Eik-Ness,  M.D. 

4:10-  4:40  Tests  of  Radiological  Effects  on  Testes  Function 
Milton  L.  Bassls,  M.D. 

4:40-  5:10  Tests  of  Immunologic  Factors  in  Infertility 
Edward  T.  Tvler,  M.D. 

5:10-  5:40  Investigation  of  Causes  of  Development  of  Intersex  States 
Mervin  Grumbach,  M.D. 

Sunday  Morning,  April  9 

OVARIES 

Chairman:  Edmund  W.  Overstreet,  M.D. 

9:30-  9:50  Test  Now  in  Use  in  Clinical  Practice 
Edmund  W.  Overstreet,  M.D. 

9:50-10:20  Estimations  of  Estrogens  (Including  Cornification  Counts) 

.\nn  Cleveland,  Ph.D. 

10:20-10:50  Measurements  of  Progesterone  in  Body  Fluids 
Michael  E.  Yanone,  M.D. 

10:50-11:10  Recess 

11 : 10-11 :40  Measurements  of  Effects  of  Gonadotropins  on  the  Ovary 
Miriam  E.  Simpson,  M.D.,  Ph.D. 

11:40-12:10  Tests  for  Investigation  of  Endocrine  Effects  on  the  Mammary  Gland 
William  R.  Lyons,  M.D. 

12:10-12:40  Chromosomal  Determinations  in  Endocrine  Disease 
Mervin  Grumbach,  M.D. 

12:40-  1:10  Investigations  of  Effects  of  Estrogens  and  Diet  on  Cholesterol  Metabo¬ 
lism 

Gerson  R.  Biskind,  M.D. 
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REQUEST  FOR  REPRINTS 

Word  has  reached  the  Editorial  Office  of  Endocrinology  that  recently 
unprecedented  floods  in  Lucknow,  India  have  caused  extensive  damage  to 
the  laboratories  at  the  Central  Drug  Research  Institute.  Much  of  the 
laboratory  equipment  and  library  collections  were  damaged  beyond  repair 
and  as  a  consequence  research  work  there  has  been  seriously  hampered. 
Dr.  A.  B.  Kar,  Assistant  Director,  who  has  for  many  years  produced  inter¬ 
esting  and  important  studies  in  endocrinology ,  asks  his  American  colleagues 
to  assist  him  in  replacing  the  lost  reprint  collection  on  subjects  dealing 
with  endocrinology,  reproduction,  and  contraception.  We  urge  our  readers 
to  .send  reprints  of  their  papers  on  the.se  .subjects  to  Dr.  A.  B.  Kar,  Division 
of  Endocrinology,  Central  Drug  Research  Institute,  Lucknow,  India. 


NEW  BOOK  REGISTER 

Lipids  and  the  Steroid  Hormones  in  Clinical  Medicine.  Edited  by  F.  William 
Sunderman  and  F.  William  Sunderman,  .Ir.  Philadelphia:  .1.  B.  Lippincott  Company. 
Human  Pituitary  Hor.mones.  Ciba  Foundation  Colloquia  on  Endocrinology.  Vol.  1.3. 
Boston:  Little,  Brown  and  Company. 

Elektrolyt-Kompendium.  W.  Fleischer  and  E.  Frohlich.  Basel  Stuttgart:  Benno 
Schwabe  &  Co. 

Internationales  Biguanid-Symposium.  Edited  by  F.  Bertram  and  G.  Michael. 
Stuttgart:  George  Thieme  Verlag. 

Moderne  Entwicklungen  .\uf  Dem  Gestagengebiet  Hormone  in  Der  Veterinar- 
medizin.  H.  Xowakowski.  Berlin/Gottingen/Heidelberg:  Springer-Verlag. 

.\tlas  of  Exfoliative  Cytology,  Supplement  2.  George  N.  Papanicolaou.  Cambridge: 
Harvard  Cniversitj'  Press. 

Fermente  Hormone  Vitamine,  Vol.  2.  Edited  by  Robert  Ammon  and  Wilhelm 
Dirscherl.  Stuttgart:  George  Thieme  Verlag. 

The  Effect  of  Germ  Cell  Damage  on  Animal  Reproduction,  Supplement  to  the 
Journal  of  Dairy  Science.  University  of  Illinois,  Urbana. 


CORRECTION 

Vol.  68,  February  1961,  No.  2 

The  running  heads  appearing  in  the  article  "The  Estrogenic  Properties 
In  Vitro  of  Diethylstilbestrol  and  Substances  Related  to  Estradiol”  by 
Robert  Glass,  Janet  Loring,  Joyce  Spencer  and  Claude  Villee  in  the 
February  1961  number  of  Endocrinology  were  erroneously  set  Feb¬ 
ruary  i960. 
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